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ABSTRACT
The oscillation properties of an ammonia maser employing dual 
molecular beams and a Fabry-Perot type disc resonator are investigated. 
The molecular beam flux is pulsed by the use of small fuel injection 
valves. The resulting gas pulses entering the maser resonator allow 
for the rapid build-up of maser oscillation sufficient to induce 
oscillation amplitude settling transients. The amplitude and polar­
ization of these transients are investigated, and their modification 
under applied magnetic and electric fields is interpreted. Previous 
results of settling transients are also re-examined.
With an applied magnetic field a novel damped low frequency 
beating effect is observed following the onset of the pulsed maser 
oscillation. This is interpreted in terms of the beating of two 
elliptically polarized oscillations.
The gas pulses entering the resonant cavity are sufficiently 
Intense to allow for pulsed maser oscillation on the J«K>4 and 
transitions of at 24.139 and 25.056 GHz respectively. These are 
the first reported maser oscillations on these transitions.
The polarization properties of the disc resonator are investigated 
by the observation of the oscillation polarization ellipse originating 
within the maser cavity. A method is developed to study the time 
evolution of the oscillation polarization ellipse, following the opening 
of the fuel injector valve. The build-up of ellipses under conditions 
of both single and biharmonic oscillation are studied. The experiments 
are performed both with and without an applied magnetic field and under 
conditions of modified cavity anisotropy. A particular feature is the 
random quality in the evolution of successive oscillation pulses which 
suggests that the build-up in maser oscillation may be chaotic in nature.
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INTRODUCTION
1.1 GENERAL INTRODUCTION
Th« unonia laser was first operated successfully by Gordon, 
Zelger, and Townes In 1954. The HASER (No1ecu1ar Amplification by 
Stimulated Emission of Radiation) was the first quantum electronics 
device constructed, and operates in the centimetre region of the 
electromagnetic spectrum.
The maser depends for its operation on the principle of 
population inversion, that is changing the relative population of two or 
more energy states within an ensemble of molecules (or atoms). This 
requires a mechanism whereby population inversion is achieved and a 
resonant cavity in which the magnitude of the emitted radiation (at the 
transition frequency between the two energy states) may be enhanced.
The ammonia maser employs electrostatic state selection of a collimated 
molecular beam (Gordon Zelger and Townes 1955), in order to obtain a 
population inversion. The emitted microwave radiation occurs in a 
resonant cavity which may be of a cylindrical (closed type), or a disc 
or semiconfoca! (open) type (Laine 1975).
Holecular beam masers consist of several parts of which only the 
essential components are discussed here. A two stage vacuum pumping 
system is required to maintain two or more vacuum chambers at a pressure 
below 10*^ torr so that a molecular beam may be produced and sustained 
over several tens of centimeters without excessive scattering. A method 
to produce a strong molecular beam is employed. This normally includes 
either a single hole nozzle or an effusive source, situated in the first 
of the vacuum chambers. The boundaries between the two chambers of the 
vacuum system are formed by either a diaphragm or a skiimier. The centre 
portion only of the molecular beam passes through this orifice to emerge 
in the main vacuum chamber to produce a well collimated molecular beam.
CHAPTER ONE
State selection of the molecular bean Is now undertaken by the use of 
strong Inhomogeneous electric fields. The trajectory of a molecule of 
ammonia passing through a region of an Inhomogeneous electric field will 
depend upon the energy state of the molecule. An electric field 
distribution nay be found which will direct the upper state molecules 
towards the the beam axis and deflect the lower state molecules away 
from the axis, thus providing a population Inversion on the axis of the 
molecular beam. The use of a carefully positioned series of metal bars 
or rods, held at electric potentials of the order of 10-50 kV with 
respect to each other, will produce the required field. Each naser 
system may employ one or more molecular bean which Is then directed into 
the resonant cavity. If the population Inversion Is large enough and 
the microwave power generated In the resonant cavity Is sufficient to 
overcome the losses, the condition for maser oscillation Is satisfied. 
Microwave emission Is coupled out of the maser cavity and detected by a 
superheterodyne receiver.
The present system Is a double beam naser that employs a disc 
resonator. The system was constructed and described In detail by 
Al-Juma11y (1979) and w111 be briefly described later in this chapter.
The objective of this thesis 1$ to study the dynamic properties 
of the build-up of maser oscillation 1n a Fabry Perot type of disc 
resonator. Small pulsed valves are used to modulate the gas flow of the 
two molecular beans used. Pulsed molecular beams enhance the maximum 
output power obtainable from the maser system (Chapter 2). A sharp 
leading edge Is obtained on the gas pulses, the resulting rapid rise In 
the Intensity of the molecular beam results In the sharp onset of the 
maser oscillation following the pulse of gas entering the resonant 
cavity. In Chapter 2 this Is shown to Induce oscillation amplitude 
settling transients (Self-Induced Pabi oscillations) (Bardo and Lalne 
1969). In an applied magnetic field a damped low frequency biharmonic
oscillation Is observed. This Is discussed In Chapter 2. A theoretical 
study of oscillation amplitude sett11n9 transients observed In this and 
other maser systems used at Kee1e Is undertaken In Chapter 3. The 
Improved performance of the maser employing pulsed molecular beams was 
used to obtain pulsed maser oscillation on the J*K>4 and J«K«6 
transitions of This Is described In Chapter 4. The maser
oscillation originating from a disc resonator Is In general elllptically 
polarized. The output power originating from a disc resonator may be 
displayed In the form of a Lissajous figure representing the oscillation 
ellipse (Lalne and Yassin 1961). In Chapter 5 a method Is developed to 
study the time evolution of the oscillation ellipse. A detailed 
Investigation of the evolution of the oscillation ellipse was undertaken 
under a variety of operating conditions. Suggestions for extending the 
work are given In Chapter 6.
1.2 THE AHHONIA NOLECULE
The amnonla molecule may be considered as a symmetric top. The 
three hydrogen atoms form a triangle, and the nitrogen atom occupies a 
position either above or below the plane defined by these three hydrogen 
atoms. A line passing through the nitrogen atom which perpendicularly 
‘' ^ s e c t s  the plane of the hydrogen atoms forms the axis of symmetry of 
the molecule.
The rotational energy levels of ammonia may be described by the 
following equation.
(l.l) Ej ■ hBJ(Jtl) t h(A-B)K^
»here A-h/Si^I^ - 189 GHz B - h/8t^Ig - 298 GHz
Here J Is the rotational quantum number of the molecules, K Is a 
second rotational quantum number which Is equal to the projection of J 
along the axis of symmetry of the molecule. A and B are rotational 
constants, Is the moment of Inertia of the molecules about the
synaetry «xls, ard Ig Is the Monent of Inertia of the molecules about an 
axis that Is perpendicular to the sywetry axis and passes through the 
centre of mass of the molecule.
The fine structure of the amnonla spectrum Is due to Inversion 
splitting. The nitrogen atom may occupy a stable position on either 
side of the plane of the hydrogen atoms. Consider now the potential 
energy of the nitrogen atom as a function of the distance from the plane 
of the hydrogen atoms. Here, there are two potential wells, one on 
either side of the plane of the hydrogen atoms, separated by a potential 
well of finite height (Fig. 1.1). Due to quantum mechanical tunnelling 
the nitrogen may penetrate through the potential hill and pass Into the 
second potential we11. The quantum mechanical solution to such a system 
leads to the energy levels of aimonla being split Into two sub*1eve1s. 
This effect Is termed Inversion splitting. The amount of splitting of 
the energy levels of ammonia Is highly dependent on the shape and height 
of the potential barrier which Is Itself dependent on the rotational 
state.
Rotation of the aenonla molecule about Its axis of symmetry will 
cause the hydrogen atoms to move outwards, and this will reduce the 
height of the potential barrier and this leads to an Increase In the 
Inversion transition frequency. Rotation about a perpendicular axis 
passing through the centre of mass of the molecule will Increase the 
height of the potential barrier and this leads to a decrease In the 
Inversion transition frequency. Sherg, Baker and Dennison (1941) 
derived an expression for the wave number of the Inversion transitions 
as a function of the J and K quantum numbers. This Is given by
The average deviation of the measured value from equation (1.2) 
Is about 0.01% (Good 1946). The relative Intensities of each of these 
Inversion transitions Is discussed In Chapter 4.
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Each Inversion transition of shows hyperfine 
sub'splitting, due to the spin of the hydrogen and nitrogen nuclei. The 
splitting of the hyperfine components Is In many examples greater than 
the llnewldth of the transition. This has led to maser oscillation on 
several hyperfine components of the J«K>1 Inversion transition of 
(Maroof and Lalne 1976). Since molecules contributing to the hyperfine 
satellite lines will not contribute to maser oscillation on the main 
line of a transition, the presence of hyperfine structure makes the 
oscillation condition harder to fulfil, and disturbs the relative 
oscillation strength of the Inversion transition.
1.3 CAVITY THEORY AND OSCILLATION CONDITIONS
Cavity modes In the Fabry Perot resonator have been described by 
Schawlow and Townes (19S8), who considered the cavity modes to be 
similar to those of a rectangular box. Consider first a closed 
rectangular cavity of dimensions 21, 2a, and 2a, the resonant 
frequencies are given by 
(1.3) . (c/4)[(q/1)* ♦ (r/l)^ ♦
where c Is the speed of light and q, r, and s are Integers. For a 
square open resonator of dimension 2a x 2a with a distance 21 between 
the cavity plates, the same resonant modes will be supported, but 
diffraction losses will be very large for modes with large values of the 
Integers r and s.
For an open resonator with circular mirrors the frequency 
determining equation which Is analogous to equation (1.3), Is given by 
"niliq ■
where Is the nth root of the mth order Bessel function of the first 
kind a Is the radius of a disc and 21 the separation between discs. 
The electromagnetic field amplitude on a plane defined by one of the 
mirrors, with the origin of coordinates at the centre of the disc Is
given in terms of r, as,
(1.5) A . AjJ,(x„r/,)cos(«e)
The boundary condition A*0 when r>a is used for calculating the 
electromagnetic field an^lltude.
The modes of the Fabry Perot cavity with circular mirrors are 
usually designated the TEH^ ^ modes. Calculating 'l^íx^ i^'/a) as a 
function of r, it can be shown (Smart 1973) that the maximum of the 
electromagnetic field occurs at the centre of the mirror for the 
mode and nearer the edge of the mirror for the TEH^^^ mode. The maser 
Is operated on the TEHg^^ mode, although maser operation may be obtained 
on the next inode (Al-Jumaily and Laine 1979), (Chapter 2).
Open resonators lose energy through several mechanisms. Firstly 
there are diffraction losses due to the finite area of the cavity 
plates. Secondly there are conduction losses through the plates of the 
resonator itself. Finally there are the losses of power through the 
coupling holes taking power away from the resonator. The loaded cavity 
Q of a resonator may be given by the following expression
(1.6) 1/Q - 1/Q, + 1/Qç ♦ 1/Qj
where Q^, and are the quality factors due to losses through the 
coupling holes, the conduction losses and the diffraction losses 
respectively.
When the power emitted from the molecular beam equals the power 
loss from the resonator, the threshold for maser oscillation is 
obtained. The condition for oscillation in a disc resonator Is 
discussed here. The microwave power P emitted from a cavity of length L 
with low power excitation and no saturation is given by (Shimoda et al 
1956),
(1.7)
where Vq is the trinsitlon frequency, dipole nonent
■atrix eleaent, I  is the Microwave electric field, N is the flux 
density, h is Planck’s constant and v is the velocity of molecules 
through the cavity. This equation holds for a disc resonator if the 
whole of the molecular beam passes along the symmetry axis of the 
resonator. This has to be modified if a uniform distribution of 
molecules through the cavity is assumed since L here corresponds to the 
diameter of the resonator discs to give (De Lucia 1969)
(1.8) P -
The cavity Q factor may be expressed as
(1.9) Q - 2 » V qW/P
where U is the energy stored in the cavity. The electric field within 
the cavity may be given in terms of the energy in the cavity W and the 
active volume V as
(1.10) E* -  8.W/V
By combining the above equations, the threshold flux for maser 
oscillation in a disc resonator molecular beam maser is given as “.in 
where
(1.11) N.,„ ■ 3VhvWpi2QL2
1.4 EXPERIMENTAL APPARATUS
The maser system employed here had been constructed by 
Al-Jumaily (1979). A detailed description of this apparatus is given 
earlier (Al-Jumaily 1979). Here a short account is given of the maser 
system and any modifications made to it relevent to the present work.
1.4.1 VACUUH SYSTEH
In general the objectives of the pumping system of any molecular 
beam device is to reduce the background gas pressure to level where the 
attenuation of the molecular beam Is negligible. This requires reducing 
the background pressure of the vacuum chambers to a level where the mean 
free path of the molecules is greater than the molecular beam length.
For ammonia at IxlO^torr , the mean free path of the ammonia molecules 
is of the order of 40cm. For the present system with its beam length of 
40cm, background pressures of the order of 1.0»10^torr are required.
In order to produce intense molecular beams, differential 
pumping is required in a two or more chamber system. The present system 
consists of two side chambers which house the molecular beam sources, 
and the main chamber which houses the disc resonator and the state 
selector. The pumping system of the two side chambers consists of 6" 
diffusion pumps, and the main chamber a single 10* diffusion pump. A11 
three diffusion pumps are backed by rotary pumps. To enhance the 
pumping speed of the maser system, large copper surfaces were placed 
within all three chambers. These were maintained at liquid nitrogen 
temperature with a circulating supply of liquid nitrogen. An attempt 
was made to enhance the pimiping speed of the main chamber by 
constructing a very large area liquid nitrogen trap based on aluminium 
foil. With the use of this trap in addition to those already in use, no 
enhanced performance was observed with the maser system. However the 
operating time of the maser was substantially increased for normal 
continuous wave operation. Initially the maser could be operated for 
only two to three hours before the cold surfaces became heavily coated 
with ammonia and their pumping efficiency was reduced. With the larger 
area trap at least ten hours operation could be obtained.
A large proportion of the work undertaken in this thesis employs 
pulsed molecular beams. Here the period between each gas pulse allows
tht background prtssure In th« M s e r  chanbor to be reduced to near the 
level obtained In the absence of the beaa. A high Intensity gas pulse 
then enters the chamber, passes through both vacuum chambers and is 
eventually attenuated by scattering from background gas molecules which 
accumulate within both the side an' main chamber. In the present system 
the majority of the scattering of the molecular beam originating from 
the pulsed nozzle source takes place In the side chambers, due to rapid 
build up of the gas pressure here due to their relatively small volume. 
Direct scattering of the molecular beam off the bulkhead and sklimners, 
which divide the vacuum chambers, resulting In molecules being directly 
scattered Into the bean path, is also a major limitation to the 
Intensity of the pulsed molecular beam. The limiting factor for the 
maximum maser signal amplitude obtainable Is caused by the molecular 
beam being attenuated significantly In the the time taken for the maser 
signal to establish Itself within the resonant cavity. Increasing the 
size of the the maser side chambers may lead to an increase in the 
maximum pulsed maser oscillation signal obtainable.
1.4.2 NOZZLE SOURCES
The maser was Initially operated with 100pm diameter single hole 
gas sources. On replacing these sources with 12.5pm wide 2mm long slit 
sources a significant Improvement In operating performance was obtained 
on the J-K«2 transition, over operation with hole sources, for only 
single beam operation. For double beam operation the advantage obtained 
with a slit source was lost. The slit sources produced a fan-like sheet 
of molecules , which would be better suited to the geometry of the 
present system than the cone-11ke distribution of molecules obtained 
from a hole source (Sulkes et a1 1982). The slit nozzle sources have a 
much larger surface area than the hole nozzle sources, and consequently 
a much higher gas flux. This was beneficial for single beam operation,
but for double beam operation heavy gas loading of the main maser 
chamber occurred, causing an attenuation of the molecular beams. The 
maser system was operated using effusive sources. However the maser 
signal produced was very weak. The effusive source has a width between 
2-3m, the width between the state selector bars at entrance being only 
2.2m . The extended geometry of the effusive sources therefore made 
them unsuitable for use In the present system. With pulsed beam 
operation the gas loading of the main maser chamber was not so critical. 
Here 2mm long 12$)im wide slit sources produced the strongest pulsed 
oscillation on all the maser transitions yet observed with the present 
system. The combination of silt source sources and pulsed molecular 
beams Is discussed at length In Chapter 4.
1.4.3 SKIHHER SLITS
The boundary between the side maser chamber and the main maser 
chamber 1$ marked by the presence of skimmer silts. These are variable 
width silts with sharp edges, which prevent all but the central portion 
of the molecular beam from entering the main maser chamber. The 
ultimate limit of the performance of a molecular beam device Is 
determined by the scattering of molecules off the skimmer silts. This 
was first observed by Decker et a1 (1963). In an attempt to overcome 
this multinozzle gas sources have been developed, such that each portion 
of the skimmer silt Is close to a nozzle and so all the length of the 
skimmer may be utilized (Haroof 1976). With fast vacuum pumps and 
pulsed molecular beams, a solution to decrease the skimmer Interference 
was to open the skimmer silts wider, and so Increase the molecular beam 
flux entering the main maser chamber, without loading the gas pumps.
The state selector bars were placed directly behind the state selector, 
and so opening the skimmer silts wide open, simply transfered molecular 
beam scatter from the skimmer silts onto the state selector bars. In
the design of niolecuUr beee lusers the skinner silts end the state 
selectors must therefore be considered together.
1.4.4 STATE SELECTORS
In order to obtain a population Inversion In the naser 
resonator, electrostatic state selection Is employed In the present 
system. Electrostatic state selection utilizes the change of energy of 
a molecule as It Is subjected to an electric field
The energy of the upper Inversion state Increases In an applied 
Stark field, whereas the energy of the lower Inversion state decreases, 
with the exception of the H-0 states whose energies remain unaltered.
In zero electric field the aniKinla molecule has no average dipole moment 
as a result of Its Inversion properties. As the electric field is 
Increased, the Inversion transition Is slowly quenched and an average 
dipole moment appears. The Stark energies of the Inversion states of 
are given by (Gordon 1955) as follows
(1.12) W . «5 , [(hy2)* * (^ )«E/J(J*l))*l“-®
where Wq Is the average energy of the upper and lower Inversion levels, 
Vq Is the transition frequency In zero electric field and M Is the 
projection of J In the direction of the electric field.
In a uniform applied Stark field there 1$ no force acting on the 
molecules. However under an Inhomogeneous electric field the molecules 
are subjected to a force of which the x component Is given by,
(1.13) Fj ■ «/« . I[(n*/J(J*l))^ E(íE/íx)l
♦ [(V^)* ♦ (l«E/J(J*l))^ )'’-*
The force on the lower state molecules Is directed towards the 
region of high field density, and that for the upper state molecules Is 
directed towards the region of low field density. The transverse ladder 
state selectors used In this work, consist of two parallel rows of 
vertical rods. The molecular beam passes through the two rows. Every
second rod In each row Is held at a high potential, the reaalning rods 
being earthed. The regions of high field density occur near the state 
selector rods, (1e off the axis of the w>1ecu1ar beai), whereas a region 
of relatively low field density Is produced along the axis of the 
■olecular bean. Hence state selection Is obtained with upper and lower 
state «olecules directed towards and away from the aolecular beai axis 
respectively.
1.4.5 RESONANT CAVITY. TUNING AND AL16NNENT
The Ms e r  cavity consists of two vertically positioned copper 
discs 22.5ci in diameter and separated by approximately 6«p, 
corresponding to the half wavelength of the transition frequency under 
study. The cavity construction has been described at length by 
Al-Juma11y (1979). With operation of the maser on the lowest TENq^^ 
mode, a cavity Q of approximately 6000 was reported by Al-Juma11y, 
whereas the Q value obtained by recent measui;^nts was between 4000 and 
4500. This suggests that the surface of the cavity plates has 
degenerated, either by the plates losing their flatness or by corrosion 
of the surface.
The relative orientation of the two cavity plates is maintained 
by pressure from three micrometer screws, on three glass rod spacers. 
The performance of the maser was critically dependent on the Initial 
tuning of these micrometer screws. Fine tuning of the maser cavity was 
obtained by applying pressure to the frame holding one of the cavity 
plates. By this method a satisfactory cavity tuning mechanism was 
obtained. However the cavity was subject to thermal drift, and to a 
large frequency shift when the main vacuum chamber was evacuated. A 
proposal to supplement the present cavity tuning mechanism by cavity 
tuning via a series of p1ezo*electr1cs is discussed In Chapter 6.
The major difficulty in operating the maser 1$ that of
alignnent. For offlclent use of the resonant cavity the central portion 
of the molecular bean must pass symmetrically midway through the 
entrance and exit gap of the state selectors, and then midway between 
the plates of the resonant cavity. In order to achieve this, a visible 
region He*Ne User beam was directed along the molecular beam path and 
each component was aligned with respect to it. The use of a positioning 
mechanism (Chapter 2), ensured the correct alignment of the nozzle 
source. The maser performance was critically dependent upon this 
alignment.
1.4.6 MICROWAVE OrECTlON SYSTEM
The double port coupling of the maser cavity to the associated 
waveguide allows for relatively simple detection of the maser signal. A 
detailed description of the microwave assembly has been given by 
Al-Juma11y (1979). Two possible methods of detection are used here. 
These are the crystal video and superheterodyne schemes.
Crystal video is the sImpleIR detection scheme. It Is used for 
the detection of cavity modes In the setting up procedure and the 
detection of absorption signals. It lacks sensitivity and 1$ used for 
detecting the final stimulated emission maser signal only In exceptional 
circumstances. Microwave power Is supplied by a klystron type Okl 
24V10A. This power 1$ attenuated and then fed to one port of the maser 
cavity. The reflected microwave power from the second cavity microwave 
port Is then fed to a diode crystal (type IN26). The resulting 
electrical signal Is displayed on a CRO. By sweeping the klystron 
frequency at 50Hz, the frequency dependence of the reflected microwave 
power leaving the maser cavity may be monitored, and hence the cavity 
modes may be displayed on the CRO.
Superheterodyne detection Is used for detecting the maser 
stimulated emission and oscillation signals. Here the klystron power Is
offset by 30HHZ fro« the u s e r  transition frequency. The klystron power 
Is divided and attenuated, a portion being fed to each ana of the 
■Icrowave loop. The klystron power In one a m  Is sent via an Isolator 
and a circulator to a diode crystal. A 30HHz signal Is fed to the diode 
crystal fro« a signal generator. Two 30MHz u s e r  sidebands are then 
produced and these signals enter the us er cavity. One of these signals 
lies at the maser transition frequency. The reflected signal from the 
u s er cavity In the second a m  of the microwave loop Is then mixed with 
the second portion of the microwave power. The mixing produced a 30HHz 
beat signal. This Is converted via a crystal diode to an electrical 
signal. This signal Is then amplified via a 30HHz Intermediate 
frequency (I.F.) amplifier, detected and finally displayed on the CRO. 
Once the u s e r  Is adjusted to be above the threshold for oscillation the 
requirement to reflect microwave power through the maser cavity can be 
set aside and the second a m  of the detection system u y  be used to set 
up a second channel of detection In order to detect the microwave power 
of the maser oscillation In a second linear polarization (Chapter 2).
The signal to noise ratio of the final maser signal Is dependent 
on both the noise of the crystal diode and the I.F. amplifier. The 
noise of an I.F. amplifier Increases as the operating frequency 
Increases, and the noise of the crystal diode decreases as the operating 
frequency Increases. At approxiutely 30MHz the combined noise of the 
crystal detector and I.F. amplifier Is at a minimum (Ingram 1955).
This frequency Is therefore chosen as the offset frequency for the 
klystron power.
Originally the I.F. amplifiers consisted of a series of tuned 
circuits which when combined produced a gain of approximately 120db with 
a bandwidth of a few HHz. For the later work discussed In Chapter 5 
these were replaced by amplifiers based on Integrated circuit 
technology. This produced an Increase In the signal to noise ratio of

CHAPTER TWO
PULSED BEAH MOLECULAR BEAN MASER
2.1 INTRODUCTION
Pulsed tnolecuUr beans have recently been successfully enployed 
In aany applications. Recent developments, leadino to snail size pulsed 
nozzle sources, are readily incorporated into the present naser systen. 
Conventional nozzle gas sources used for molecular bean maser work 
provide extremely intense molecular beams; this has led to strong maser 
oscillation, and the observation of several new nonlinear oscillator 
phenomena. However to study such effects in more detail and to allow 
for the possibility of naser oscillation on new spectral lines 
(Chapter 4), an increase in bean intensity is required. To achieve 
these objectives the present system has been converted to accept pulsed 
molecular beams.
The disadvantages of a pulsed molecular beam maser is the 
intermittent nature of the oscillation power output, and the absence of 
a steady state level of oscillation. However, for studies of 
oscillation build-up effects and various amplitude modulation effects 
this is not a problem. Furthermore, it is still possible to observe the 
form of the oscillation polarization ellipse (Yassin and Laine 1981), 
during the duration of the oscillation pulse (Chapter 5), and so obtain 
information on the form of the time evolution of the oscillation 
ellipse.
In this chapter a study of the build up of oscillation in a disc 
resonator is undertaken. Oscillation settling transients have been 
observed on several inversion transitions of ammonia and various novel 
low frequency beating effects have also been observed.
2.2 PU LS D MOLECULAR BEAM
Tht basic idea of using a pulsed molecular beam 1s to reduce the 
gas loading on the diffusion pumps, and hence reduce the background 
«ssure In the maser vacuum chambers. The molecular beam, on entering 
the maser chambers after the pulsed nozzle source Is opened, Is now 
travelling through background gas of lower pressure than would be 
possible with continuous wave operation, and so Is scattered far less. 
Consider the side chambers of the maser. With no gas entering the 
system a pressure of 3x10*^ torr nay be reached at optimum performance. 
In continuous gas flow operation, a pressure of 2x10'^ torr Is usually 
obtained. The Initial portion of the gas pulse will be entering the 
chamber when the pressure Is near Its lower limit and consequently the 
scattering of the molecular beam Is considerably reduced.
There are many devices that have been constructed to produce 
pulsed molecular beams. It is Important to establish the 
characteristics required of any valve or other pulsing mechanism. 
Firstly, there 1$ a *t1me of silence* between the time that the 
molecules enter the resonance cavity and when oscillation first appears, 
which Is of the order of 0.2ms. This Is roughly the time of flight of 
molecules across the resonant cavity. There Is little point In 
constructing a valve for the present system with a pulse duration less 
than 0.2ms. Secondly, any transient effect must be allowed time to 
develop before the valve is closed. These effects are typically of the 
order of a fraction of a millisecond, and so the Ideal valve would give 
a gas pulse duration of a few milliseconds, and a time to open fully 
which Is not greater than a sizeable fraction of a millisecond.
Aligning a molecular beam maser is a slow and careful operation 
requiring constant reference to the emitted signal In the process. A 
valve which cannot produce a continuous gas supply by being open 
continously will prove extremely difficult to align.
Tht pulsed been source used wes besed on in engine fuel Injector 
valve Bosch type 0 280 150 025. This valve had an opening tine of 
between 0.3ms and 0.5ns, and a pulse duration of approximately Sms, 
which could be varied as required. This valve also had a repetition 
rate of up to lOOHz, and could be held In the open position Indefinitely 
by the application of approximately 1 volt, (at 0.3 amps), across the 
colls of the valve. As 1s common practice with such a valve, the 
central pin on the gas outlet side was machined flat back to the valve 
body. The end of the valve was capped by a small chamber of volume 
27nm^. The exit aperture of this cap could be changed to accommodate 
either hole or slit sources. In the majority of experiments, O.lmn 
diameter hole sources were used for work on the J-K-1, J-K-2, and J-K-3 
Inversion transitions of ammonia. However, the strongest oscillation 
was obtained on the J>K«3 transition where two 125|im wide, 2nm long slit 
sources were used (Chapter 4). A modified cap of 3mm^ volume was used 
with these sources. A noticeable Improvement was seen In various 
transient phenomena observed after this cap volume change due to the 
faster build-up of the gas pulse. Gas flow through a capped valve Is 
treated theoretically (Chapter 3). A final advantage of using a fuel 
Injector valve which Is relevant to the maser system described In this 
thesis. Is the relatively low cost.
It Is Interesting to note the effects that limit the 
effectiveness of a pulsed molecular beam maser system. The gas loading 
of the main chamber of the molecular beam maser has always been 
relatively light. However the need for large pumping speed In this 
chamber Is noticeably reduced with pulsed gas operation. The duration 
of the maser oscillation signal Is limited by the scattering of 
molecules by pressure build-up In the side chamber. A simple solution 
Is to Increase the size of the chamber by a large factor with only a 
moderate Increase In pump size. This will Increase the pulse duration
but w111 1tm1t the repetition frequency of the valve. The ultimate 
limit of maser performance will be caused by the scattering of bean 
molecules by the skinner silts and state selector bars. A combination 
of wide skinner silts and a wide space between the rows of state 
selector bars may Improve the situation. (A decrease In focusing force 
of the state selectors by Increasing the spacing between the electrodes 
may be compensated by a higher working voltage). Ultimately for optimum 
performance with a disc resonator, a whole series of state selectors, 
skimmer silts and pulsed valves arranged around a horizontal maser 
cavity may be required (Chapter S).
2.3 EXPERIMENTAL ARRANGEMENT
The first problem was that of housing the fuel injector valve 
within the existing side chamber of the maser. For the left hand 
chamber a mechanical positioning mechanism was constructed (Fig. 2.1).
A slide rail enabled the nozzle-skimmer distance to be adjusted. The 
slide rail was then mounted on two threaded rods. The rotation of these 
rods gave transverse and azimuthal angle adjustment. Vertical 
adjustment was considered superfluous. The rubber fitting at the rear 
of the valve was fitted to an existing nozzle pipe and clamped. This 
rubber "joint* gave sufficient flexibility to allow for the sideways 
positioning of the valve. The right hand side chamber was fitted with a 
simpler system (Fig. 2.2). Here a brass sleeve was machined to fit over 
the valve which was then clamped to the existing nozzle pipe. In 
effect, the valve became an extension of the nozzle pipe. The 
positioning mechanism proved to be most successful.
A cooling system was Introduced which consisted of a design of 
reinforced plastic pipe and copper tube. Chilled compressed air was 
passed through the pipe; however It was found that with only a low pulse 
frequency below approximately lOHz, or with continuous operation, the


cooling system was not required.
The origine! method of pulsing the fuel Injector valve solenoid 
current consisted of a relay, dc power supply, and a pulse generator. 
This was found to be unsatisfactory on account of the large back EHF 
produced when the circuit was broken. Instead, a thyristor current 
pulse unit was constructed (White 1984), which was triggered by a 3 volt 
square wave supplied by a pulse generator. To Increase the Initial 
opening rate of the valve, a series of high voltage capacitors 
discharged a 250 volt pulse across the valve in addition to the 12 volt 
supply pulse supplied by the main section of the current pulse unit. A 
circuit diagram of the current pulse unit 1s shown In Fig. 2.3. The 
current pulse unit was quite satisfactory, and two fuel Injector valves 
could be operated simultaneously In parallel, from a single pulse
h
generating unit. By this method, satisfactory syncronizatlon of the gas 
pulse forming the two molecular beams could be achieved.
The final problem here was the detection of the oscillation 
pulses originating from the maser. An estimate is made of the time 
taken before a gas pulse becomes significantly attenuated which will 
give an Indication of the lifetime of the resulting oscillation pulse.
A gas flow Into the maser of 10^^ molecules s'^ may be obtained for
19 •!
pulsed molecular beams. Assume a lower flux of 10 molecules s 
entering the maser. This would correspond to a strong contlnuous^^^^m. 
The volume of one of the side chambers Is approximately 15000 cm^at
3xl0'^mb. If this chamber then reaches as high a pressure as 3»10*'mb 
during a gas pulse, (which would significantly attenuate a molecular 
beam), and assuming negligible pumping rate, this will take 
approximately 0.1s. A simpler method to gain an estimate for the 
oscillation pulse duration would be as follows. Aeawwvng scattered 
molecules reach a far wall of the side chamber and are then scattered 
directly back Into the molecular beam. The path length Is approximately

20cn before a scattered molecule may once again enter the molecular 
beam, it is assumed here that the molecular velocity approaches lOOOm/s 
(Jones 1984), therefore considerable scattering of the molecular beam 
takes place within the first fraction of a millisecond of the start of 
the gas pulse. It was assumed that at optimum performance the 
oscillation pulses would have a duration of no more than a few 
milliseconds.
Detection of the maser oscillation pulse was achieved by 
displaying the oscillation power output against time on an oscilloscope 
triggered by the pulsing unit. This method proved quite satisfactory 
and so no complicated circuitry was required. By observation of the 
cavity mode of the maser in a frequency swept mode on the oscilloscope 
is was possible to detect pulses of stimulated emission, or oscillation, 
with the naked eye. However, the pulsed valves were operated initially 
to give a continuous beam while the maser parameters were optimised, 
after which pulsed operation was effected. The ability to use the 
pulsed valve in a continuous mode of operation proved extremely useful.
2.4 COMPARISON OF PULSED AND CONTINUOUS OPERATION OF THE NASER
The performance of the molecular beam maser under consideration 
here was dependent on many parameters, for example, alignment of the 
state selectors with nozzle pipe and resonator cavity; the Q factor of 
the cavity; background pressure of the nozzle chambers and main chamber; 
the type of nozzle source used; the mechanical coupling of waveguides to 
the cavity. Due to the large number of variables, comparisons of the 
performance of a maser system are only meaningful when experimental 
conditions are nearly identical. This can be achieved here since 
changing from continuous to pulsed use of the maser does not require an 
alteration of the physical parameters.
The trace (Fig. 2.4a) displays the time evolution of a typical

gas pulse. The trace may be considered In three parts. The Initial 
flat region represents the time taken between the opening of the pulse 
valve and the onset of oscillation. This time period may be subdivided 
Into three parts. Firstly the time taken for the molecular beam packet 
to reach the maser cavity, secondly, the time taken for the molecular 
flux entering the maser cavity to build up to the value required to 
reach the threshold of oscillation and, finally, the "time of silence* 
given as the time between reaching the condition for oscillation, and 
the onset of oscillation at the time of Its first appearance above the 
receiver noise level.
The region of rapid oscillation build-up follows and finally the 
region of decay of the oscillation. This last phase 1$ mainly caused by 
scattering of the pulsed beam by the rapid build-up of background gas In 
the nozzle chamber. The form of the oscillation build-up Is treated 
theoretically In Chapter 3.
A pulse repetition frequency up to lOOHz could be obtained from 
the valves when operated by the thyristor pulse unit. However It was 
more usual to use a pulse repetition frequency of between one and ten Hz 
as this reduced wear on the valve, the cooling required, and more 
Importantly gave a relatively large recovery time between each pulse for 
a given gas loading of the diffusion pumps.
Strong pulsed oscillation was obtained on the J-K-1, J-K-2, 
J-K-3, Inversion transitions of With single beam operation,
pulsed and continuous wave oscillation could be obtained on the J-K>2 
and J-K-3 transitions of With double pulsed beam operation,
oscillation could be obtained on the J-K-1 transition and the second 
order TEMjqj modes of the J-K-2 and J-K-3 transitions of All
these modes have sustained continuous wave oscillation previously with 
this maser system although this could not be achieved at time of writing 
due to degradation of the cavity Q value. It was possible to estimate
the overfulfilment condition for each spectral line under consideration 
by exanininç oscillation amplitude settling transients. When R > 1, the 
oscillation condition Is overfulfilled, and the value of R 1$ known as 
the oscillation overfulfilment factor. The maximum values of R realised 
experimentally were as follows, 0-K*l transition 1.5, J»K»2 transition 
3.0, J«K-3 transition 3.3. Using a pulsed molecular beam In the system 
under discussion the maximum oscillation overfulfilment factor Is 
Increased by approximately two. Although the threshold of oscillation 
Is lower for pulsed beam oscillation the effect Is not dramatic. This 
may be explained In part by the fact that at very low oscillation levels 
the time of oscillation build-up (which may be of the order of 
milliseconds), may become comparable with the pulse duration, and also 
that at a low state selector voltage the effectiveness of state 
selection 1$ proportional to the square of the state selector voltage.
2.5 INTRODUCTION TO OSCILLATION AHPLITUDE SETTLING TRANSIENTS
Whenever the oscillation amplitude power output level In a maser 
system 1s varied abruptly by a large amount It Is possible to Induce 
oscillation amplitude settling transients (self-induced Rabí 
oscillations). These transients were predicted theoretically (Grasyuk 
and Oraevskll 1964), and are the subject of an extensive theoretical 
study (Chapter 3). There are several methods of changing the 
oscillation level In a molecular beam maser sufficiently rapidly to 
Induce settling transients. These are summarized In the following 
paragraphs.
(a) Saturation broadening:- Here a high level signal Is Injected 
Into the maser near the resonance frequency of the molecules which 
saturation broadens the spectral line thereby quenching the maser 
oscillation. On removing the Injected signal, a rapid rise In the 
oscillation output power (or rise from thermaly generated noise If the
oscillation Is comp1«ta1y quenched) follows (Shkakov l969},(La1ne and 
Bardo 1969), (Lalne and Maroof 1975). The Interpretation of the results 
of Maroof are discussed In Chapter 3.
(b) Stark or Zeeman broadening of the spectral line:- Here an 
electric or magnetic field Is applied to the region within the cavity 
resonator with the effect of either stark or Zeeman broadening of the 
spectra! line causing a drop In the maser output power level. This 
method was extensively studied by Lefrire (1974). The Interpretation of 
some of the results obtained are discussed In Chapter 3.
(c) Abruptly altering the rate at which molecules In particular 
energy levels are supplied:- This method was first attempted by Grasyuk 
and Oraevskll (1964). Here the voltage applied to the state selectors 
was pulsed periodically. However amplitude settling transients occur on 
a time scale of 10*^ seconds and so the change In the number of active 
molecules entering the cavity In a time less than this value Is required 
to induce self-induced Rabi oscillation transients. The state selectors 
used In this experiment had a length of the order of 10cm, and so the 
build-up of the the number of active molecules entering the cavity was 
smeared out between 10*^ and lO'^s, due to the partial state selection 
of the portion of the molecular beam Inside the state selectors when the 
EHT pulse was applied. Consequently, the self-induced Rabi oscillation 
phenomenon was not observed.
The use of a pulsed molecular beam to induce oscillation 
amplitude settling transients became a possibility if the opening time 
of the gas valve could be operated In a time of the order of 10 ^ 
seconds and if the pulse of gas maintained Its sharp profile during its 
time of flight between source and the maser cavity. Under conditions of 
high nozzle source pressure the^veloclty distribution of molecules 
within a molecular beam is much reduced, preserving the sharp leading 
edge of the gas pulse as It reaches the maser cavity. The use of pulsed
nozz1« gas sources make the observation of oscillation amplitude 
settling transients possible.
The successful observation of oscillation amplitude settling 
transient by employing a pulsed molecular beam maser system is discussed 
here. Oscillation amplitude settling transients have been observed in 
the present system by the additional method of molecular Q-switching 
(Laine and A1-Jumai1y 1979) using an electric field of about 7kVm'^ by 
applying 40V to one of the cavity discs, which was electrically isolated 
from earth. In both cases oscillation settling transients could be 
observed under conditions of relatively low oscillation overfulfilment.
2.6 EXPERIMENTAL OBSERVATION OF OSCILUTION AMPLITUDE SETTLING 
TRANSIENTS
The experimental system employed was Identical to that described 
earlier with the oscillation power output being displayed as a function 
of time on the oscilloscope. During the study, several different nozzle 
sources were used; for the J>K«1, J«K«2, J*K>3, transitions a O.lm 
diameter hole source, mounted on a cap of small volume was found 
suitable. The size of the cap was initially 27mm^; reducing it to 3mm^ 
greatly improved the amplitude of the transients observed, especially on 
the J«K«3 transition. The use of IZSpm wide, 2mm long, slit sources on 
the J«K>3 transition with a 3mm^ cap volume gave a yet stronger 
oscillation overfulfilment factor. However a less well defined leading 
edge to the gas pulse weakened the oscillation amplitude settling 
transients observed. This was due to the lower nozzle pressure used.
Oscillation amplitude settling transients were observed on the 
J-K-1, J-K-2, and J>K«3 transitions. The transients observed on the 
J-K-3 and J-K*2 were damped oscillatory in nature having a of
approximately 6kHz (Fig. 2.5a;c). The transient observed on the J«K«1 
transition consisted of a single oscillation spike (Fig 2.5b). Attempts

were aade to observe settling transients with the second order TD1|q | 
cavity Modes of the J-K-2 and J-K-3 transitions. However at a high 
level of oscillation parameter R, blhanaonlc oscillation is observed 
with these nodes, with a beat frequency of approxinately 7kHz 
(Fig. 2.4b), due to oscillation on a Doppler split spectral line 
(A1>Juna11y and Lalne 1979). Here, the transient effect Is partly 
obscured by the beat pattern.
An attempt was made to enhance the peak amplitude of the 
oscillation transients by combining the pulsed beam technique with that 
of molecular Q-$w1tch1ng In order to Improve the sharpness of the 
oscillation build-up. No enhancement was observed which suggests the 
gas pulse must build up within a time comparable with the time of 
silence of the maser oscillation build-up, which 1$ approximately 0.2ms.
The disc resonator under consideration here has two coupling 
ports. This enables two different linear polarizations to be observed 
simultaneously. Measuring the ratio of the maximum transient amplitude 
In the respective polarizations for several different gas pulses, It was 
found that this ratio differed considerably under near-identical 
conditions (Fig. 2.5Aa,b). In Fig. 2.5A the upper and lower traces 
display the components of oscillation with their electric field vectors 
orientated along the vertical and horizontal axes of the cavity 
respectively. The above effect was extremely noticeable, for In one 
linear polarization the transient build-up was damped oscillatory In 
nature, whereas in the second linear orthogonal polarization the 
oscillation build-up was only exponential with no observed transients.
On successive gas pulses the linear polarization which displayed the 
strong settling transient would often reverse, and on a few occasions 
the oscillation transients In the two orthogonal polarizations would 
have approximately equal amplitude. This Indicates that the oscillation 
build-up has a maximum amplitude In different directions of polarization

In successive pulses. This 1$ consistent with the work of A1*Juna11y 
(1979) and will be further examined In detail In Chapter 5. This effect 
was observed at all values of EHT and also with the application of an 
electric field within the cavity volume. In general, the linear 
polarization with the microwave electric field aligned along the 
molecular beam axis produced the strongest transients.
On application of a static magnetic field applied In a direction 
perpendicular to the plane of the cavity plates, the bulld-up process 
became more stable; near*1dent1ca1 transients were observed 1n the two 
linear orthogonal polarizations and the variation 1n the build-up 
process between successive gas pulses was minimal (Fig. 2.6). This last 
effect can be explained simply from the static characteristics of the 
maser. Applying a magnetic field will drive the oscillation to 
circularity, hence all directions of oscillation build-up are identical, 
whereas an applied electric field will not change the polarization of 
the output power, which Is In general elliptical. The oscillation 
settling transients In the two linear orthogonal polarizations were 
slightly out of phase during the oscillation build-up process 
(Fig. 2.6).
On applying a static potential difference between the cavity 
plates It was found that approximately 3SV corresponding to an electric 
field of approximately SOVcm'^ would completely quench the oscillation. 
With partial quenching, the oscillation settling transients were still 
observed with a noticeable Increase In their period (Fig. 2.7a,b). This 
was similar to an effect observed by Lefrere (1974) where settling 
transients were observed In a closed cavity resonator In the presence of 
an inhomogeneous electric field. Here a large Increase In self-induced 
Rabi oscillation period (by almost a factor of two) was observed from 
lOkHz (Fig. 2.S) to approximately 6kHz (Fig. 2.7a,b). For both the 
J»K»2 and the J»K«3 Inversion transitions of there were marked


slowings In the decay constants. In zero applied electric field, two 
cycles of the oscillation transient (Fig 2.5) could be observed strongly 
and a third weakly; with 19 V o Us applied across the cavity plates, four 
d e ar cycles of the oscillatory oscillation transients could be observed 
on the O-K-3 transition (Fig. 2.7a,b). The slowing of the decay 
constant was first observed In a dosed resonator again by Lefrere 
(1974) In an Inhonogeneous electric field, and will be discussed 
theoretically in Chapter 3.
It Is predicted theoretically that the effect of applying a 
magnetic field to the maser cavity with Its direction perpendicular to 
the cavity plates will also have the effect of slowing the decay 
constant and Increasing the period of the transients, using a model of 
single frequency oscillation on a slightly Zeeman split spectral line. 
This Is again studied theoretically In Chapter 3. and leads to the 
prediction of chaotic behaviour (Oraevskll 1981). For the J*K«2 
transition, oscillation amplitude settling transient effects were 
obscured by the observation of a low frequency beat phenomenon which 
will be discussed later (Chapter 2). For the 0*K«3 transition the beat 
effect was Intermittent In nature and settling transients could be 
observed In an applied magnetic field. An increase In the period of the 
oscillatory settling transients was observed, and a slowing of the decay 
constant and enhancement of their third cycle was also observed In 
direct comparison with zero field transients (Fig. 2.7c), although the 
effect was neither as strong as predicted theoretlcally^or observed 
experimentally with an applied electric field. A thin horizontal wire 
was placed In the fringe field of the maser cavity (Chapter 5) at a 
maximum depth of approximately 2cm. Here the oscillation became highly 
linearly polarized In the horizontal direction. Although strong pulsed 
oscillation was not obtained from the maser system at the time the 
experiment was performed. It was found that on applying a magnetic field
across the cavity plates as above, there was a dramatic slowing In the 
transient decay constant with a maxliBuia of seven oscillation periods 
observed (Fig. 2.7d). The application of either an electric or magnetic 
field reduces the oscillation level of the pulse while enhancing the 
number of periods of the self-induced Rabi oscillation.
2.7 BIHARHONIC OSCILLATION IN A DISC RESONATOR NOLECULAR BEAN HASER
The first account of biharmonic oscillation and the associated 
beating effects In a disc resonator molecular beam maser was reported by 
Barchukov, Prokhorov and Savranskll (1963). A possible explanation for 
the beat effect was given (later) In terms of a Doppler split spectral 
line (Krupnov and Skvortsov 1965). The beat frequency was given as 
3.8kHz, Increasing to 5.4kHz under the application of an electric field. 
On placing a thin wire across the Interior of the resonator cavity, 
(which presumably dramatically altered the anisotropy of the cavity), a 
low frequency beat was observed at 600Hz.
Low frequency biharmonic oscillations were observed In a disc 
resonator molecular beam maser (Lalne, Smart and Corb 1976). Here 
highly non-sinusoldal beats were observed between 2S0Hz and 750Hz, those 
at 750Hz under the application of an electric field. In these 
experiments a careful check was made to confirm that only a single 
maximum of the microwave electric field was present inside the cavity.
On studying these beats In two linear polarizations an antiphase 
relationship was found between oscillations with orthogonal linear 
polarizations.
Using the maser system under study here, operated on the TEMq q  ^
cavity mode with a single maximum of microwave field across any 
diameter, no steady state continuous wave beating effects could be 
observed. Only after the application of a relatively strong magnetic 
field perpendicularly to the cavity plates did the two Zeeman components
break Into biharmonic oscillation at 4.8U1z (Yassin 1981).
Upon operating the maser on the mode «1th two maxima of
microwave field, blharmonlc oscillation could be obtained at a frequency 
of 7.SkHz presumably due to blharmonlc oscillation on the split spectral 
line (Al-Jumally 1979).
from this work It would appear that the beating effects could be 
grouped into two categories: (a) The high frequency beats that have a 
frequency greater than or equal to the natural width of the spectral 
line (approximately 4.8kHz), and which may be simply explained by 
blharmonlc oscillation on Zeeman or Doppler split spectral lines.
(b) Low frequency beats less than 4.8kHz whose origin Is less obvious.
2.8 EXPERINENTAL OBSERVATION OF DAMPED LOU FREQUENCY BIHARMONIC 
OSCILLATION UNDER AN APPLIED MAGNETIC FIELD
The pulsed beam maser system was operated as previously 
discussed. On the application of a magnetic field with the field 
direction again perpendicular to the plane of the cavity plates, a 
damped low frequency beating effect was observed on both the and 
the J-K-3 Inversion transitions (Fig. 2.6). Fig. 2.8c,d show beat 
frequencies of 3.9kHz and 2.1kHz respectively. For the J-K-1 transition 
no beating effect could be obtained. The onset of the beating effect 
occurred at Ik IO'^T for the J-K-2 Inversion transition of ^^NHj 
corresponding to a beat frequency of 800Hz. As the magnetic field 
Increased so did the associated beat frequency. At low fields the beat 
effect lasted only for few beat cycles, the amplitude modulation dying 
away to leave an unmodulated oscillation. At higher fields the 
modulation depth was nearly lOOX and persisted for the whole of the 
length of the gas pulse. At still higher levels of magnetic field the 
oscillation amplitude was almost completely quenched. Here the beats 
become very dependent upon cavity tuning and It was possible to tune the

rtson«tor ctvity to a position where a coapletely unmodulated 
oscillation amplitude was observed. For the J-K-3 transition, the onset 
of low frequency occurred at a magnetic field of 1.6x10 ^T. The beats 
observed here were highly dependent upon cavity tuning for a11 values of 
magnetic field. It was possible to find a position of the cavity tuning 
to give unmodulated oscillation output at all levels of the magnetic 
field. The beat effects were highly dependent on the maser parameters 
and successive gas pulses produced markedly different effects. The beat 
effect was evident on one pulse and yet often absent on the following 
pulses (or v1ce*versa), where operating conditions must have been nearly 
Identical.
The beating effect was observed In two linear orthogonal 
polarizations. The beats were In antiphase on the J«K>3 transition 
(Fig. 2.6a,b). A11 the beats discussed In this chapter, observed by the 
present detection system were sinusoidal. However, the same beating 
effect Is studied In depth In Chapter 5. These beats, observed under 
relatively low applied magnetic field are highly non sinusoidal. They 
persist for only two or three complete periods at the most. The present 
beats discussed In this chapter are photographed at a frequency In 
excess of 2kHz, compared with l-2kHz for the beats discussed In Chapter 
S. The present beats are produced In the presence of a larger applied 
magnetic field. This has had the effect of driving the two oscillation 
components to near*c1rcular1ty, resulting In a sinusoidal beat pattern. 
On rotating the waveguide to observe two linearly orthogonal 
polarizations, the beat effect condition became noticeably harder to 
satisfy. This suggests that rotating the waveguide significantly alters 
the anisotropy of the cavity, and that the condition for the observation 
of low frequency beats Is cavity anisotropy dependent.
The system was returned to continuous wave operation, and the 
pulsed beam switching was replaced by the molecular Q*sw1tch1ng
technique. Here the low frequency beating effect was st111 obtained.
Using pulsed molecular beans, strong oscillation could be 
obtained on the second order cavity nodes with both the and J-K-3 
amnonla inversion transitions. Here two beats effects were observed. 
Firstly high frequency beats are observed at frequencies of 7.5lcHz and 
8kHz for the and J«K«3 transitions respectively. The beats 
observed on the J-K-2 transition were continuous and lasted for the 
whole duration of the oscillation pulse (Fig. 2.4b), whereas the high 
frequency beats observed on the J«K*3 transition were damped and lasted 
4 to 5 beat cycles. On application of an electric field across the 
plates of the cavity a noticeable decrease in the frequency of the beats 
was observed. This beat effect is caused by the Doppler splitting of 
the spectral line into two components which then beat against each other 
and is well documented (A1-Junai1y 1979). Secondly a low frequency 
beating effect, presumably of the same origin as those described above, 
was observed when a weak magnetic field was applied. It is possible to 
observe these two different beating effects simultaneously.
2.9 IKTERPRETATION OF THE DAMPED LOW FREQUENCY BIHARNONIC OSCILLATION 
To understand the low frequency beat effect it is necessary to 
consider the static characteristics of the disc resonator molecular beam 
maser under the application of a weak magnetic field. Under many 
operating conditions there are two possible polarization orientations 
which are in general elliptical for the oscillation output power. These 
two oscillations occur at different frequencies (Yassin et ai 1985). In 
the presence of^applied magnetic field these two oscillation 
polarizations tend to circularity (Yassin 1981), and the frequency 
difference between them increases to the order of several kHz before 
Zeeman beats set in at a frequency of 4.8kHz. It is proposed here that 
the difference of frequency in jumping from one stable oscillation
poUrizition to »nothor in the stitic cese corresponds to the beat 
frequency observed here. The Initial gas pulse shock-excites both of 
the possible elliptical oscilTations. These oscillations then beat 
against each other to give the low frequency beating effect. The tuning 
of the Ms er cavity and anisotropies in the aaser systea itself wi11 
favour oscillation on one of these elliptical oscillations rather than 
both siinultaneously. This oscillation will then becoae the stronger 
one. The weaker oscillation will give way to the strong oscillation and 
eventually die. Hence the beat effects die away to give a "steady 
state* power output. At relatively high fields, the damped beats give 
way to continuous beats as the condition for Zeeman biharmonic 
oscillation is reached. At yet higher fields the two Zeeman components 
become further split and since these can have slightly different 
oscillation thresholds, 4n almost quenched oscillation will give 
"continuous* oscillation on one component only.
Consider now the J-K-1 transition. Here a strong state selector 
anisotropy is present as a result of which the oscillation power output 
is linearly polarized along the axis of the molecular beam. With 
continuous wave studies on this transition neither elliptical 
oscillation nor frequency jumps have been observed, presumably due to 
the strong anisotropy present. With pulsed beam operation, even with a 
relatively large oscillation overfulfilment factor R no beating effect 
could be observed on the application of a magnetic field. Presumably if 
a larger overfulfilment factor could have been obtained, biharmonic 
oscillation would have been realized with a large applied magnetic field 
as the condition for Zeeman beats was eventually fulfilled.
It is proposed that the lowest frequency at which beats are 
obtained is dependent on the anisotropies (Including both cavity and 
state selector) of the maser system. For a nearly perfectly isotropic 
system very low frequency beats may be obtained under the application of
a very snail nagnetic field. When one of the cavity waveguides was 
rotated In order to study the beat effect In two linear orthogonal 
polarizations the beat effect became far harder to observe, being 
Inteniittent In nature. Successive gas pulses often showed a change 
fron beats to a unmodulated gas pulse and then returning to beats on the 
next pulse. The magnetic field required to produce beats was also 
somewhat Increased, and the modulation depth of the beating effect was 
much reduced. This effect is related to build-up effects discussed In 
Chapter 5 where almost Identical Initial conditions produce largely 
different gas pulse shapes.
It Is proposed here that the occurrence of beats In a gas pulse 
Is dependent on the time during the pulse that the thresholds for the 
two components are satisfied, the rate of build-up of the stronger 
oscillation component and the Zeeman splitting of the spectra! line.
For example If there Is a significant time between the occurrence of the 
thresholds for the stronger and weaker components, there may be a large 
build-up of the strong oscillation component before the threshold for 
the weak component Is satisfied. Any oscillation on the weak component 
will now be phase locked to the strong component of oscillation before 
It has had time to develop. If the thresholds for the two components 
are met within a relatively short time Interval, there is very little 
build-up of the strong component before the onset build-up of the weaker 
component.amd "therefore there 1$ no strong oscillation for the weaker 
component to which It can be phase locked and so the weaker oscillation 
component builds up Independently at Its own oscillation frequency, 
giving blharmonlc oscillation. Rotating the waveguide changed the 
cavity anisotropies significantly and changed the Initial conditions 
within the maser cavity leading to a weakening of the beat effect.
It Is also proposed that under a moderate applied magnetic 
field, the two components of the low frequency beats are nearly circular
In polírizítion, with the electric field vectors roteting in opposite 
directions. The sum of these two oscillitlons gives a linearly 
polarized resultant which rotates in ti«e at the frequency of the 
observed beats. At relatively low applied magnetic fields the two 
beating oscillation coiponents may be either elliptically or linearly 
polarized, which will lead to a non-sinusoidal beat pattern. This is 
observed and discussed in Chapter S. The above is consistent with 
antiphase beats.
Finally it is interesting to compare the low frequency beats 
observed here with the beating effects observed by previous authors. On 
applying an electric field across the cavity plates of the maser while 
observing high frequency beats on the second order TEHjqj mode due to a 
Doppler split spectral line (Al-Jumaily 1979), a decrease in beat 
frequency was observed, as stated earlier. This may be explained by the 
electric field broadening of both conq>onents which increases their 
coupling and allows the two oscillation components to be frequency 
pulled towards each other. For the beats of the type observed by 
Smart(1974) and Barchukov et al (1963) an increase in electric field 
increased the beat frequency. For both experiments zero magnetic field 
beats are observed. For the present system an applied electric field 
along with the applied magnetic field has the effect of decreasing the 
beat frequency. An explanation of a near perfect isotropic system in 
which the earth’s magnetic field is sufficient to induce beats may be 
proposed; however this can be discounted because a near-isotropic system 
would produce near-circular oscillation components and give sinusoidal 
beats. However the beats obtained by Smart (1974) were highly 
non-sinusoidal which suggests that they were obtained by beating 
together of two highly elliptical oscillations. Highly non-sinusoidal 
low frequency beats in both zero and an applied magnetic field art 
observed and discussed in Chapter 5. The best explanation so far for

CHAPTER THREE
THEORHICAL EXPLANATION OF SOME OF THE TRAMSIEMT EFFECTS OBSERVED IN 
MASER SYSTEMS
3.1 INTRODUCTION
This chapter 1$ concerned with the interpretation of the results 
of the sett1in9 transient experiments described in Chapter 2. An 
explanation of the observed stark transients is presented and a 
comparison is made with previous work undertaken by Lefrere (1974). The 
final sections of this chapter are a brief study of the possibility of 
obtaining chaotic behavior within a molecular beam maser system.
3.2 THE ORIGINS OF THE MASER EQUATIONS
A semiclassical approach is used to interpret the dynamic 
properties of a maser system, that is the radiation field 1$ described 
classically and the radiating molecules are treated quantum 
mechanically. Starting from MaxwelTs equations the equations below may 
be derived for an ideal two level system. These form a closed system of 
equations for the maser and are given below (Oraevskii 1964a)
(3.1) + (»/QHit/Jt) ♦ «J. ■ t^ |yNP(x,t)Eiv
(3.2) t  (2/rj)(jP /Jt) ♦ .^„(l ♦ i / . | t  r|)P
■ * "o’
(3.3) íD /ít ♦ D/r[ - (2/h.,|,)t(iP/»t ♦ P/Pj)
Here t is real time, Q is the quality factor of the cavity, c 
and P are respectively the electric field within the cavity and the 
molecular polarization, 0 and Dq are the population differences between 
upper and lower levels and rate of pumping of the active medium. Tj and 
are the relaxation times of level population and polarization 
governing spectral linewidth respectively, w is the resonance frequency 
of the resonator, N is the density of active molecules, is the 
matrix element of the electric dipole moment of the particles, and
y ^ d  ♦ 1/Q) - yj.
Following the procedure of Oraevskll (1964), the following 
equations are obtained.
(3.4) ■ *o*o ■ « 0
(3.5) <■
(3.6)
■*0^0 ■■ ■
(3.7)
v i - ■ -(ijVo
(3.8)
“ i - ■ "l“ o  ►^  l '2 * o ''o
Xq Is proportional to the electric field within the resonator,
Ug and Vg are proportional to the luaglnary and real parts of 
the nolecular polarization,
Wg Is proportional to the population difference between the 
upper and lower Inversion states.
Here hj
2k, - * l/r|),
* ■ -  “p)/“p
The assunptlon Is lade that the Q factor of the spectral line Is 
much greater than the Q factor of the cavity, which Is Itself euch 
greater than unity. Under steady state conditions the left hand terns 
of the above equations which contain tine derivatives become zero. The
2
expression for the output power which Is proportional to (Xg) can be 
obtained,
(3.9) xj - [kjk2/hgh2 -1 -»V(h2 +
At resonance, Xg and (Xg)^ are at a maximum, therefore < • 0 
and from (3.4) eg • -k^Vg/Xg. Substituting Into eqn (3.7) gives
•h2Vg therefore Vg - -Vg(h2 -k^Ug/Xg). Ug and Xg are
of oppo^te signs except for the chaotic regime of operation; thus 
Vg • -Vg, and therefore at resonance Vg ■ 0.
Consider the system at resonance, the simplified equations may 
be applied.
(3.10) .  hjX,, *  kjUj
(3.12) W„ - ♦ hjXjUj
Here as before,
Xq Is proportional to the electric field Inside the resonator 
Ug Is proportional to the polarization of the active medium 
Uq Is proportional to the population Inversion 
The series of equations (3.10 • 3.12) can be used to display 
oscillation amplitude settlinq transients quite successfully.
The steady state solutions here, which correspond to normal
I I I
continuous wave maser action Si again obtained for Xq • Ug • Wq - 0
(3.13) Xj . ()i,/ll2)[(l<,yilol>i)-ll'^  ^llj . -(k,/h||)X5; Wj - Il2h|/ll,k, 
for an annonia maser h^^h^ and hg»hj.
To produce oscillation amplitude settling transients It Is 
required to switch one of the maser parameters rapidly, so It Is 
1f^>ortant to consider how switching techniques affKt the maser 
equations. The number of state selected molecules entering the maser 
cavity Is proportional to k^, therefore a variation In the beam 
Intensity, for example switching on and off a pulsed nozzle source, will 
produce a change In the value of k2. An approximate functional time 
dependence for the number of state selected molecules entering the maser 
should therefore allow the settling transients to be simulated 
numerically.
The effect of a spectral line Q switched maser Is a little less 
obvious. Here the spectral line width Is being artificially broadened 
hence the value of h^ 1$ being Increased as T2 1$ made smaller. However 
since k2 ■ h2Ng and the rate of pumping of state selected molecules 
remains the same, k2 Is also Increased. Now kj Is proportional to f2  ^
therefore kj is also decreased. Hence k2 Is proportional to h2.
The series of equations (3.10 3.12) are all first order coupled
differential equations which make them Ideal for numerical solution.
The parameters h^, k^, k^. h^. are a11 known approximately and 
therefore numerical solutions could be found easily for the system.
3.3 NUNERICAL SOLUTIONS TO THE DIFFERENTIAL EQUATIONS
The standard Taylor series method was used to solve the 
differential equations. Taylor series expansion gives
(3.14) f(x*li) . f(x) ♦ hf'(x) * [hV2llf'i»V......  ♦ (l'"/nl]f"(x )
The equation may be extended to solve a series of equations 
(Jain 1979). The system of differential equations (3.10 • 3.12} could 
be differentiated several times to give several terms In practice. 
Terms up to the third derivative were calculated and added to the 
series. However It was found simpler and more efficient In terms of 
coa^uter time to use only the first derivative, hence the differential 
equations could be used In their original form. Initially the program 
was written In BASIC but later It was rewritten In FORTRAN as this was 
found to be more efficient. A step length of T - 2500 printing every 
250 Iterations, gave a suitable display. A computer graph plotting 
routine which plotted up to 200 points was then used to give graphical 
solutions relatively quickly. A check on the accuracy of the plots 
could be made by reducing the step length and Increasing the number of 
Iterations between each printed value. The programs were executed on 
the Keele 6EC 4000 series mini computer. Examples of the programs are 
shown In Appendix 1. An example of the traces produced Is shown In 
Fig. 3.1, which Is similar to the exponential traces of Chapter 2.
3.4 NASER THEORY APPLIED TO A PULSED BEAN AND A NOLECULAR Q SWITCHED 
MASER
The simplest bu11d*up situation which may be considered 
theoretically Is one where a maser parameter Is rapidly changed so that
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the speed of switching Is far more rapid than the period of any 
oscillation amplitude settling transients observed. This 1$ easily 
obtained with a molecular Q-sw1tched maser where an electric field 
placed across the maser cavity Is repeatedly applied to produce fast 
nonmechanical switching. The maser system considered In the previous 
chapter, operated under conditions of high pressure molecular beams with 
a small sized nozzle cap produced an extremely rapid build-up, and so 
was a very good approximation to the above system. Extensive 
experimental results with a molecular Q-sw1tched maser were obtained by 
Lefrere (1974) who used a closed cavity resonator.
Consider now the build-up of oscillation In either a pulsed beam 
or molecular Q-sw1tched maser. For the pulsed beam maser, the cavity Q 
value Is approximately 4500, the spectral llnewldth is approximately 
5kHz, and so parameters h^, h^ and h^ In the maser equations are 
determined. On applying the equations to the systems discussed here, 
values of parameters and k2 were chosen to give the best fit with 
experimental results. However at low levels of the oscillation 
overfulfilment parameter the traces obtained were Independent of the 
ratio k./k.. For a constant overfulfilment condition R where 
R-ikjkg/hphj) the ratios hp/hj, h ^ ,  and kj/k2 were J
varied In turn and the results are displayed graphically 
(F1g. 3.2 - 3.4). It was found that the ratio of the height of the 
first transient to that of the steady state oscillation level and the 
ratio of the height of the first transient to that of the second were 
both Independent of the parameters k^,k2,hg,hj and were dependent only 
upon the overfulfilment parameter R. Hence an observation of the shape 
of an oscillation amplitude settling transient enables an estimate of 
the overfulfilment condition of the maser oscillation to be obtained.
Increasing the overfulfilment factor by Increasing the number of state 
selected molecules entering the cavity (parameter k2) also slightly
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decreases the period of the transients. For the transients observed 
using the molecular Q switched maser, values of cavity Q of 9000 and 
spectral llnewidth of 5kHz were substituted Into the maser equations In 
agreement with those reported by lefrere and Lalne (1974). For both 
systems the initial values of Xq and Uq were set at small finite values 
to simulate thermal noise. The exact Initial values are not Important 
as build-up of both Xq and Up Is exponential in nature during the very 
early stages.
3.5 STARK TRANSIENTS AND ZEEMAN TRANSIENTS
On application of a weak stark electric field across the plates 
of the open resonator pulsed molecular beam maser, the form of the 
oscillatory oscillation settling transients are changed. The period of 
the transients Increases and the decay constant becomes longer until at 
least four clear oscillatory transients may be observed (compared with 
three in zero field), and the total output power level has been somewhat 
reduced (Chapter 2)(Fig. 2.7). Similar results have been obtained by 
Lefrere (1974) where an electric field is used to partly quench a maser 
oscillation and the change in maser output power level induces 
transients (molecular Q switching). Here the transients produced In the 
presence of an electric field are step down transients rather than the 
step up transients studied In the pulsed beam system (Fig. 3.5b).
However It can be shown from the maser equations that both the period 
and the decay constant of the transients depend on the final steady 
state conditions, and not on whether step up or step down transients are 
being studied. Other differences between the two experiments are as 
follows. The pulsed beam maser employed a uniform Stark field In an 
open disc resonator, whereas the molecular Q switched maser employed an 
Inhomogeneous electric field inside a cylindrical resonator. On 
application of a static magnetic field perpendicular to the plates of
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the open resonator of the pulsed bean systen. sinilar results were 
obtained, with a 1engthen1n9 of the decay constant and an Increase In 
the period of the transients, although the effect was not as narked. An 
explanation of the electric field Induced effect in terns of 'Forced 
Regenerative Nutation' has been proposed (Lefrere and lalne 1974). 
However It would appear that either the applied electric or nagnetlc 
field nodlfles the spectra! line shape by either Stark or Zeenan 
splitting.
It was assufflied that the application of an electric field across 
the naser cavity inhonogeneously broadened the spectral line. The naser 
equations nay now be nodlfled to account for this Inhomogeneous 
broadening. Consider to a first approximation, that the Stark broadened 
transition resembles a Zeeman split line, l.e. the spectral line 1$ 
split into two main components whose spectral profiles overlap. This 
system nay then be considered as two coupled non-llnear oscillators 
whose resultant oscillation frequency lies midway between the transition 
frequency of the two components. This system has been studied by 
Oraevskll (1981) and will be discussed later (Chapter 3) In relation to 
chaos theory. The system nay be described by the following equations.
(3.17) x; - -h(,X(, - kjÜQ
(3.18) - hj(-Up + (BlMo/o.) + X(jZq )
(3.19) Z' - hj (-Zp + CR + XQUo)
(3.20) W' - hj(-Wg - (wtUQ/B))
Here hg ■ hj. \  represents the frequency shift of each 
component of the spectral line. It Is assumed that the two components 
are of equal Intensity and are situated symmetrically about the centre 
frequency of the resonator mode. This 1$ therefore a very rough 
approximation.
Solving these equations numerically with \  • 0.8S theoretical 
curves were obtained (Fig. 3.5a). These curves agreed well with the
experlnental stcp-up transients observed In the presence of e Stark 
field and also the step-down transients obtained by Lefrere (1974)
(Fig. 3.5b). The decay constant of the Stark transients predicted by 
this Split spectral line model are much than the decay constants
of the zero field transients. This agrees well with experimental 
results (Fig. 3.5). The period of the theoretically predicted Stark 
transients Is also greater than the period of the zero field transients 
although the difference is not as great as observed experimentally. The 
main discrepancy appears In the amplitude of the Stark step-down 
transients which is somewhat smaller than the amplitude of those 
obtained experimentally. Despite Its simplicity, the split spectral 
line model explains the major features of the experimentally observed 
Stark and Zeeman transients.
Consider finally the lowest trace of the step-down Stark 
transients (Fig. 3.5a) during the application of the electric field.
Here the oscillation threshold condition was not fulfilled. The 
residual output power level was sufficient, however, to allow for a 
build-up of oscillation power from the residual signal with a 'time of 
silence" of approximately 0.45 milliseconds without taking Into account 
the effect of thermal noise.
I 3.6 A MODEL OF THE MASER fiAS PULSE
During work considered earlier In this chapter It was assumed 
that the variation of the maser parameters occurred much faster than the 
duration of the dynamic effects which follow such changes. However the 
process of switching the pulsed beam which Is necessary to study the 
I ensuing maser power build-up may be a relatively slow process.
I Therefore the time dependence of the number of active molecules entering 
I the maser cavity must be considered by making the parameter k^ In the 
dynamic maser equations change In a finite rather than Instantaneous
tine.
Consider first the passage of gas through the gas valve. The 
gas 1$ Initially held In the supply pipe behind the valve at a pressure 
The gas then passes through a variable sized orifice of size A|(t)
Into a small cap of volume at a pressure A silt or circular hole 
source 1s attached to this cap, of area A^ The assumption here Is that 
the flux of molecules leaving the valve Is proportional to the pressure 
Inside the cap at The time variation of the pressure P^ Inside the 
cap may be written as follows.
Now the variable size of the valve orifice A^(t) Is due to a 
mechanical plunger being moved from rest due to a force being applied 
through the magnetic effects of the solenoid. The movement of this 
plunger and hence the orifice size will take the form (Bassi et al 1981)
(3.22)
where the opening time Is between 0.3ms and O.Sms. This 
expression w111 not remain accurate as the plunger approaches Its fully 
open position. Initially the cap Is empty of gas and 
later stages of gas buHd-up the term P^ - ?2 Is small and the pressure 
builds up slowly to reach an asymptotic limit. A time dependence for P^ 
can now be obtained by solving the above differentia! equation for P2 
numerically, since the parameter « can simply be determined from the 
volume of the cap and kinetic theory. However It Is neater If an 
analytical function can be used to approximate the curves as this can be 
carried forward In a modified form to feed Into the dynamic equations.
A time dependence of the form
(3.23) Pj - P5(l-exp(-Bt^)]
Is chosen as an analytic approximation. This function 1$
2 e
proportional to t at small t and reaches an asymtotic limit P^ at large 
t. As the molecular beam leaves the cap and passes through the maser a
large fraction of the (nolecuUs In the bea» are scattered by background 
gas. The tine dependence of the Intensity of a nolccular bean 
downstream passing through background gas 1$ given by Beers Law (8ass1 
et a1 1961) as
(3.24) I(t) - I(,(t)exp[-<jdn(t)]
I^(t) Is the flux of molecules leaving the valve nozzle, o Is 
the cross section of scattering of the beam by background molecules, and 
n(t) Is the average density of molecules In the background gas.
Consider now a fixed point downstream. The total number density of 
molecules In the background gas at time t Is given by
(3.25) Nj - cJjKd - «P(-Bt*))
Here C 1s a parameter which 1$ partially dependent on the size 
of the vacuum chamber. It Is assumed here that the Initial scattering 
Is negligible and that the number of molecules contributing to the 
scattering process In the background gas Is proportional to the number 
of molecules entering the chamber. The final form of the gas pulse 
downstream of the nozzle valve Is given by F(t) where:
(3.26) F(t) . D[1 ■ exp(-Bt^)l«p(-cJ*K(l - exp(-Bt^)))
Here C and D are constants. It has been assumed during this 
derivation that the molecular beam has a negligible velocity spread, 
which wi n only be valid when the maser Is operated under a relatively 
high source pressure, and so the above equation may have to be modified. 
The vast majority of the scattering of the molecular beam takes place In 
the side chamber, the background gas In the main chamber and hence the 
scattering effects are limited by the gas dynamic shutter effect (Bassi 
et a1 1981). Thus, the molecular beam Is heavily attenuated In the 
maser side chamber, and therefore relatively few molecules reach the 
main chamber during the gas pulse and so scattering In this chamber 
remains small. It Is also assumed that scattering by the state selector 
bars remains proportional to the number of molecules In the beam, as Is
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the frectlon of molecules state selected. The above equations can thus 
be used as an approximation to the number of active molecules entering 
the resonator as a function of time.
The calculated shape of the gas pulse Is shown In Fig. 3.6a.
The oscillation output power level computed as a function of time, 
computed for various levels of the oscillation overfulfilment condition 
R, displaying the theoretical transients, Is shown In Fig. 3.6b. There 
Is a reasonable similarity between the transients observed 
experimentally and those calculated theoretically using the dynamic 
equations of Oraevskll. It would be Interesting to measure directly the 
intensity of the molecular beam entering the maser cavity as a function 
of time, which could then be compared with the curve obtained from the 
equation above, and also give a more reliable result to enter into the 
dynamic maser equations.
3.7 THE POSSIBILITY OF REACHING A CHAOTIC REGIME OF OPERATION OF THE 
AMMONIA MASER
The oscillation amplitude settling transients considered so far 
In this chapter have all been exponentally damped, so that the 
transients finally give way to a steady state level of maser oscillation 
power output. Continuous pulsations of maser oscillation have however 
been obtained by the modulation of a parameter of the system (Bardo and 
Lalne 1969). Solutions may be found to the equations governing the 
dynamic properties of the maser system where the output power varies 
continuously as a function of time, and a steady state solution Is never 
reached. A set of Initial conditions may be obtained where both a time 
varying solution and a steady state solution may exist for the same set 
of equations (Oraevskll 1981).
The equations which govern the dynamic properties of the maser 
system may be written In the following form (Oraevskll 1981).
(3.27) * - -o(x - y)
(3.28) y - -y ♦ xz
(3.29) 2 - -b(z-r) + (l-r)xy
These equations have been normalised so that under steady state 
condition |x| - |y| - z - 1. For the present maser system under 
consideration b«l o s 1000 The above equations are Identical In form to 
those considered earlier.
( 3 .1 0 )
■«0 ■ l o ^ o  *  '‘ i ' ' o
( 3 .1 1 ) Oq  ■ ■ ''2 * 0  ■ ' '2 * o “ o  '' *2*0
( 3 .1 2 ) " o  "  ■ '’ l^O  *  **2*o''o
The first problem was therefore to equate parameters. Let 
Xq - Ax ; Uq - By; Hq • (Cz+0); therefore xj ■ Ax^ uj - By ^ hJ • Cz^ 
The time derivatives Xq and * are differentiated with respect to 
different slow times (xjj - hji^), and these equations are only totally 
valid when the resonance frequency of the cavity resonator Is equal to 
the centre frequency of the spectral line, which then becomes the 
oscillation frequency. Substitution gives
(3.30) -Ah^* • -hjAx + kjBy
(3.31) B h ^  • -hjBy • h2Ax(Cz+0) - k^Ax
(3.32) Ch22 • -h^(Cz-fD) *  h^AxBy 
Equating coefficients:
0 - -Bkj/Ahj: AC/B - 1; -h^D - kg - 0; -0/C - Br; (l-r) - A8/C 
this gives A . ((kjkj/hjhj) - 1]'^^ B • -(hd/kptCkjki/hjhj) • 1)'^^ 
C • h|j/kj 0 ■ -kg/hg; r • kgkj/hghg
For the maser system under consideration the following 
parameters were chosen, hp - 1.2x10 hj ■ 1.3*10 k^ - 1.0*10 ^ 
kg > 2*10'^, this gives o ■ 923 and b ■ 1.
Consider the phase space diagrams formed by plotting values of 
x,y,z on three mutually orthogonal axes. The chaotic regime Is 
characterized by the property that two trajectories In the phase space
which follow very close paths, separated by a $na11 finite eleaent, 
diverge so that at a later tiae the two trajectories have a large 
separation in the phase space. The effect of this is that any snail 
perturbation in the system will completely change the pattern of the 
maser output power. The maser output power is then predicted to appear 
as a series of Irregular spikes.
The important study here Is to determine how the onset of the 
strange attractor (chaotic) regime Is dependent on the overfulfilment 
condition R. Ruelle (1980) gives a definition of a strange attractor. 
For very large overfulfilment parameter values, the whole phase space 
becomes a strange attractor. The value of R required for this to happen
the phase space to become unstable. This however does not always lead 
to chaotic behaviour, as uniform modulation of the maser output power 
may follow. For the maser system under consideration the value of Rg is 
approximately 1000, that is using the measured cavity Q and molecular 
Q-va1ues in the dynamic equations, sufficient molecules must enter the 
cavity resonator per second so that the oscillation threshold is 
overfulfilled 1000 times before the whole of the phase space becomes 
unstable.
Following the method of Oraevskli a simple study of the maser 
equations was undertaken. The theoretical result of increasing the 
maser overfulfilment factor R Is shown (Fig. 3.7 - 3.8). At R > 1000 
continuous modulation of the maser output power is predicted, although 
without chaos. Successive oscillation spikes increase in amplitude 
(Fig. 3.8b) and decrease in width. The oscillation power level 
predicted between each spike decreases successively to a very low level. 
Eventually the oscillation level reached between each oscillation spike 
will drop below the level of thermal noise. This will lead to a series 
of irregular oscillation spikes determined by thermal noise in the maser
CSJ —  —
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cavity.
The «axinun overfulfllnent parameter R obtained In the present 
maser even with pulsed beam operation Is approximately 3.5 and so any 
attempt to reach the chaotic regime with the present system Is hopeless.
Consider now a maser oscillation on a spectra! line split 
slightly Into two components, by, for example a magnetic field to give 
two Zeeman components, let the spectral line components be placed 
syanetrlcally about the centre of the resonance, and the Intensities of 
the components be equal. The system may be described by the following 
set of equations (Oraevskll 1981) which are an extension of those given 
earlier.
(3.33) t  - -o(X-y)
(3.34) } . -y + (w + (It(^)xz
(3.35) t  - - (z-r) ♦ (l-r)xy
(3.36) « ■ -» -ty
The system has been normalized as before. When the two 
component oscillations are resolved, l ■ 1 and the system breaks Into 
biharmonic oscillation. Here x, z are as defined earlier, y Is the half 
sum of the imaginary part of the polarization of the two components, and 
w is the half difference of the real parts of the polarization. From 
earlier, x - X^A; y - z ■ (Wq -D)/C. Changing variables,
Zq - (Wq -D); z ■ Zq/C and substituting Into the above equations:
(3.37) xJ/(Ah2) - ( W U o/A - Uq/B]
(3.38) U^ (B hj) - - y s  * 1 «  *  (1*1^)(X5/A)(Z(|/C)
(3.39) Zj/(C hj) - -(Zj/C - R) t (1-R)(X„/A)(U|/B)
(3.40) wJ/hj - Wj - U(|(/B
Now (1>R) - AB/C, also adding • «w
(3.41) Xq - -h^X^ - kjUo
(3.42) Uj - + (B5Hq/«) + XqZqO+O)
(3.43) Zq -h^l-ZQ + CR + XpUj,)
(3.44) W' - h2(-W(, - (e<lU(/6))
Two problens remain, firstly the normalization has not been 
completely lost, as the steady state value of the output power Is 
Independent of (. Increasing ( splits the spectral line Into two 
components, and therefore a corresponding decrease In output power 
occurs In reality. Replacing the 1 ♦ term by unity gives an 
acceptable dependence of the output power on so It would appear that 
the ( part of this term has been added as part of the normalization. 
Output power dependence Is now given by:
(3.45) X§ - (R - t“' - 1)
and so when ( - 1, which corresponds to the complete resolution 
of the two components and the onset of Zeeman beats, the threshold for 
oscillation has been Increased to 2R. Therefore the above equation In 
Uq Is rewritten as
(3.46) \ l \  -  hj(-U,+ (B5W^«) + XqZq)
Secondly the value of the parameter a has not been determined. 
The time derivatives of Xq , Uq , and Zq , were found to be Independent of 
«. The value of B/w was Initially set at unity, and this was varied on 
successive computer calculations to check that the form of the curves 
were Independent of u .  The equations are now In a form where all the 
parameters are known for the maser system under consideration.
The critical value for the whole of the phase space to support 
strange attractor solutions to the dynamic equations Is given by 
Oraevskll as
(3.49) R. . 0 [o(l - * 4]/(o - 2)(1 ♦ 5*)
The (1 *  t e n  follows fron the normalization and so may be 
dropped, which gives
(3.50) R. . 0 [0(1 - (*) ♦ 4]/(o - 2)
For t - 1 R« > 4 and so at the onset of biharaonic oscillation 
the overfulfilment factor required for the whole of the phase space to 
give strange attractor solutions to the dynamic maser equations has been 
reduced from approximately 1000 times to 4 times.
The results of a theoretical study of the onset of chaos 
performed by the solution of equations (3.41 - 3.44) Is shown In 
Fig. 3.9. In each successive trace the value of X  Is Increased, the 
slowing of the transient decay constant and the onset of chaos Is 
predicted. Fig. 3.10 show the variation of the parameters X» Z. and W* 
during chaotic operation In terms of phase space diagrams. The 
condition for the onset of chaotic operation was predicted to be R > 5 
for X  •  0.999. Consider the open resonator maser which Is being studied 
at present. The onset of Zeeman beats occurs well below the condition 
for complete splitting of the spectral line. In general, two possible 
oscillation frequencies occur In this system even at very low applied 
magnetic fields, and so the frequency-locking effect which causes the 
single frequency oscillation on a partly split spectral line and the 
transition to chaotic operation Is lost or substantially weakened. 
Despite this an enhancement In the oscillation settling transients Is 
observed and a slowing of the decay constant, which Is the first stage 
In the transition to chaotic regime of operation. With the maser cavity 
anisotropy modified by the placing of a thin wire In the fringe field of 
the cavity (Chapter 2), the slowing of the decay constant was dramatic.
The application of an electric field across the plates of the 
resonator will split the spectral line Into many Stark components. This 
splitting Is very Inhomogeneous, with the main line Initially split Into
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only two or throo clusters of lines. For the J«K*3 transition three 
clear clusters of lines were observed when 18 volts was applied across 
the cavity plates and the laaser was operated In the spectroscopic mode. 
These clusters will act like the Zeeman components discussed above. On 
studying the present maser with an applied electric field across the 
cavity plates (Chapter 2), a large Increase In the number of observed 
transients was obtained, with an extremely marked slowing of the decay 
constant. The number of transients observed was determined mainly by 
the length of the oscillation pulse. A condition was reached where a 
marked slowing of the decay constant could be observed for a relatively 
small Increase of both applied electric field and overfulfilment factor.
3.8 PERIOD DOUBLING
The transition between a non-chaotic system and a chaotic system 
may show the phenomenon of period doubling (Cvltanovic 1984, Fairbalm 
1986, Kadanoff 1983). This has been studied In detail In many physical 
systems (libchabera et al 1982, Gigllo et a1 1981).
Consider a non-chaotic system which 1s periodic In nature. By 
plotting two of the systems variables against each other a phase space 
diagram Is produced. This Is represented by Fig. 3.11a. As this system 
Is excited and the non-linearities become significant, the phase space 
diagram may become modified and a fine splitting appears on the 
trajectory; this Is represented by Fig. 3.11b. Here the trajectory In 
phase space has closed upon itself after two cycles and the period of 
the system has been doubled. On exciting the system further a second 
fine splitting may occur, and the process repeats Itself. At this stage 
however a very slight Increase In the e x c l U H ^ ,  will Induce further 
period doubling and a region of chaos Is reached. This description of 
the transition from a non-chaotic to a chaotic system Is extremely
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Consider a laser systei. The series of equations (3.41) to 
(3.44) nay be solved In the case where ( > 1. At low levels of the 
naser overfulfllnent parameter R the solution represents blhamonlc 
oscillation (Oraevskll 1981). The solution Is a periodic variation of 
the oscillation output power. This Is shown as a plot of output power 
versus tine, as shown In Fig. 3.12a. Upon Increasing the value of the 
overfulfilment parameter R a region of period doubling Is predicted In 
Fig. 3.12b. The period doubling effect decays very slightly In time 
(the variation between successive naxina amplitudes becomes less), and 
therefore the phase space trajectories for the system are not quite 
closed. Further Increase of R (Fig. 3.12c), predicts a period doubling 
effect where the variation In amplitude of successive maxina Increases. 
After several cycles of period doubling, chaos Is reached (Fig. 3.12d). 
The chaotic regime Is reached earlier (Fig. 3.12e) on Increasing R 
further. An expanded trace showing the structure of the oscillation 
pulses Is shown In Fig. 3.12f. The model used Is biharmonic oscillation 
on a spectral line split Into two equal components. The value of ( Is
l.S and R takes values between 10 and 30.
The naser system operated by Haroof obtained these high levels 
of oscillation overfulfllnent (Karoof and Lalne 1974). With an Injected 
microwave signal In the maser cavity a series of oscillation pulsations 
were obtained (Lalne and Maroof 1977). The proposal here Is that the 
Injected microwave signal Inhomogeneously broadens the spectral line by 
the dynamic stark effect (Lalne and Truman 1977). The split spectral 
line model Is a first approximation to this Inhomogeneous broadening.
In reality the spectral line Is split Into three or more components each 
of different Intensity. Many of the pulsation effects observed by 
Maroof are obtained with the maser cavity tuned off resonance. This Is 
not accounted for In the model.
An example of the pulsation obtained by Haroof Is shown In
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Fig. 3.13a. showing clearly a period doubling effect. The shape of the 
pulses are slmllir to those predicted theoretically. This may be due to 
the universal nature of period doubling effects rather than because of 
the accuracy of the model.
Pulsation effects were observed by Maroof with a two cavity 
maser system, observing oscillation pulsations in the second cavity 
{Laine and Haroof 1974). This system 1$ difficult to Interpret, there 
also being an Injected microwave signal In the second cavity. A trace 
is shown where the second stage of period doubling is present 
(Fig. 3.13b). This Is the clearest evidence of the onset of chaos In an 
ammonia maser to date.

CHAPTER FOUR
PULSED MASER OSCILLATION ON THE J«4,K>4 AND J«6,K>6 INVERSION TRANSITION 
OF AT 24.139 AND 25.056 GHZ RESPECTIVELY
4.1 INTRODUCTION
The number of microwave transitions on which molecular beam 
maser oscillation has been obtained is somewhat limited, there being 
eleven reported examples in the maser literature (Laine 1975). For the 
common isotope of ammonia ^^NH^ maser oscillation has been reported on 
the J-K«l, J-K«2, J-K-3, and J«3 K-2 transitions. For the maser system 
under consideration in this thesis, with its open resonator of 
relatively low quality factor of 4500, continuous wave oscillation has 
been obtained on the J-K«l, J«K«2, and J-K-3 transitions. However the 
characteristics of the output power and polarization properties of each 
of these maser oscillations are somewhat different, in particular the 
J-K-I transition exhibits a linear output power polarization only. 
Oscillation polarization bistability (Lalne and Yassin 1981), has been 
observed on the J-K-2 and J-K-3 transitions. The polarization 
bistability (polarization flips), on each transition were shown to be 
significantly different (Yassin 1981). Low frequency beats have been 
observed (Chapter 2 ) on the J-K-2 and J-K-3 transitions in the 
presence of a weak applied magnetic field, but not on the J-K-1 
transition. The possibility of obtaining maser oscillation on 
additional transitions of NH^ would help establish how the oscillation 
characteristics change with the quantum numbers J and K.
The use of pulsed molecular beams has produced enhanced 
overfulfilment factors on the strong transitions of ^^NHj, which 
suggests that pulsed oscillation may be realizable on weaker 
transitions. Once pulsed oscillation is obtained on a given transition, 
careful adjustment of the maser parameters would possibly enhance the 
time duration of the oscillation pulse. It may then be possible under
favourable clrcunstances to obtain continuous wave oscillation on the 
sane transition.
It Is possible to observe the for* of the time evolution of the 
oscillation polarization ellipse, during an oscillation pulse by the 
method of Lissajous spirals (Chapter S), and so Information on the form 
of the oscillation polarization ellipse nay be obtained without the need 
for continuous wave oscillation.
The number of molecules per unit time required to enter the 
maser cavity In order to overfulfil the maser oscillation condition is 
dependent on the following;- the fractional population of the given J,K 
state; the focusing force of the state selectors for the given J,K 
state; and the transition probability, again for the given J,K state. 
Each of these will be considered In turn, In order to determine which 
maser transitions have a high probability of producing maser 
oscillation.
4.2 POPULATION DISTRIBUTION OF THE ROTATIONAL STATES OF '*HH.
The variation of state population with rotational temperature 
for Is given by Townes and Schawlow (1955) as Fj|^  where,
(4.1) ^JK ■ [Sj^(ZJ+l)/(4lS4I+l)](BV/(kT)")'
xexp-([BJ(J+l)+(C-B)r]h/kT).
Here, • state population, I • 0.5, B > Bq > Z96»10^ Hz,
C ■ An ■ 189«10* Hz, (Townes and Schawlow p640), h ■ 6.6*10 erg sec, 
k - 1.38x10''® erg per OpieT S,k ■ 6(if K - 3Nll), 6(If R - 0), 12(If 
K • 3N and K>0), (Townes *  Schawlow Tab1e(3-6) *  equations 3.46)
Here the approximation h(B+C) «  kT Is made. The normalization 
factor used In the derivation Is obtained by sunning over a large number 
of states; here the sum Is replaced by an Integral. If the above 
Inequality Is not satisfied, which corresponds to rotational 
temperatures below 50K, the sunnatlon takes place over only a few states
and so the integral becomes Inaccurate. Simplifying equation (4.1) 
gives,
(4.2) fjK - [ S „  k ,(2J.1)6.13/t ' *1 
xexp-([(298»10’(J(J+l))-109Kl0’(K^))4.78«10'‘VT).
The rotational temperature at which the state population is at a 
maximum is given by simply differentiating the above expression as.
(4.3) Tp^ - 3.18(2.98(J(J*1))-1.09(K^)1.
A series of curves of state population against rotational 
temperature are shown in Fig. 4.1. For rotational temperatures below 
50K the fraction of molecules in the rotational state Fj|^  is given by 
(Townes and Schawlow 19S5),
(4.4) Fj k . [S„_K,(20.1)exp-([BJ(J*l).(C-B)K^]h/kT)l
S  S „  K,(2J*l).xp-([BJ(Jtl)*(C-B) K^lh/kT)).
The suenation in the denominator converges quite rapidly as the 
value of J is increased. The summation can thus be performed 
numerically on a microcomputer. A series of curves are shown in 
Fig. 4.2 giving the fractional populations for T<100K of the major 
ammonia molecule inversion transitions. From the curves the transitions 
J"2 K>1, J*3 K«2, J«K>4, J>K«6, and J-4 K-3 are shown to have maximum 
state population above 4X, and are considered as potential transitions 
for maser oscillation.
4.3 STATE SELECTION PROCESS AND DIPOLE NONENT INTERACTION
Consider now the focusing forces of state selection acting on 
molecules in the different J, K states. The focusing force within an 
electrostatic type of ladder state selector may be given by the 
following expression (Gordon 19S5),
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(4.5) F . ([^HjK/(J*l)J)l^E[4E/Jy))/([0.5.hv,)^(|iHjKE/(J ♦DJ)*)“''. 
As can b« se«n from this expression, at high field the focusing
force Is proportional to F where,
(4.6) F - p|Mj|IV(J(0+l)).
Here Mj Is the projection of the rotational angular wMeentuin 
quantum number In the direction of the applied electric field. To a 
first approximation It Is assumed that the number of molecules state 
selected within the state selector will be proportional to the focusing 
force F. The validity of this assumption will be considered later In 
this section. The quantum number Hj may take Integer values from -fj to 
•0, (2J4l values). The number of molecules In each Hj state will be 
proportional to l/(2J-t>l). The number of molecules state selected In 
each Mj state will be proportional to NHj where,
(4.7) NHj - p|Hj|K/[{2J+l)J(J+l)].
The total number of state selected molecules will thus be the 
sum over all values of NM, • N,
(4.8) M .  [Jj;tjM|Hj|IV((20*l)J(J*l)l.jMtnji.
Here the assumption 1$ made that the value of Mj and Its spatial 
orientation are preserved as the molecules In the beam pass from the 
state selector to the resonator. This may not be realised In practice 
due to the rotation of molecules In the fringe field of the state 
selector (Basov et a1 1963).
Consider finally the Interaction strength between the molecules 
and the microwave electric field. This Is given by the non-zero matrix
2
elements of the dipole moment (Townes and Schawlow 19S5), |pj|^ | where 
for K-»K transitions,
(4.9) ||.j|(l^  - (|iV|Mj|2]/[J^(J*l)^).
It Is assumed here that the Interaction time of the molecules In
between the microwave field and the molecules, taking Into account both
state selection and Interaction strength. Is given by « where,
(4.10) .  .  I|N j|V|i’ l/ [ ( 2 W ) J ^ J , l ) ’ ].
The number of molecules In the molecular beam prior to state
selection (neglecting scattering) required to produce oscillation will 
be proportional to where the fractional population
in that state. Taking the value for the line J-K-3 at Its optimum 
rotational temperature as a unity value for Ng the values of Ng for 
other transitions have been calculated. Thus an approximate value of 
the number of times the oscillation factor for the J-K-3 transition has 
to be overfulfilled to lead to a threshold of oscillation on weaker 
transitions Is obtained. These values are shown In Table 4.1.
In the derivation given above It was assumed that the number of 
state selected molecules was proportional to the focusing force F.
This, however, has to be modified In the system under consideration 
here, as the state selection process reaches saturation at a state 
selector voltage of approximately 20kV, 1e, all the molecules In the 
molecular beam have been state selected. State selection on a 
transition with a stronger or weaker focusing force F will simply 
saturate the state selectors at a lower or higher voltage respectively, 
rather than Increasing the number of state selected molecules. Assuming 
total saturation, the total number of state selected molecules In each 
Hj state w i n  be given by Nj - 1/(2J+1) Mj<0 or Mj>0. This 
approximation breaks down for very small values of Mj where the 
saturation Is not complete. However the Interaction with the microwave 
electric field Is proportional to (Mj)^ so these te n s  do not contribute 
heavily to the final result. The value of « will now be given by,
(4.11) « - £¡íj;tj¡IHjlW)/|(2J*l)0*(J*l)^l.
Tables for the number of times the oscillation factor for the
J-K-3 transition has to be overfulfilled to give oscillation on weaker 
Inversion transitions for both the unsaturated state selector and
saturated state selector approxiiatlon are given In Table 4.1. Curves 
of 1/Ng as a function of rotational temperature are given In Fig. 4.3 
and Fig. 4.4 for the saturated and unsaturated state selector 
approximation, this gives the oscillation strength of each of the 
transitions as a function of rotational temperature. The two strongest 
inversion transitions of on which oscillation has not yet been 
obtained are the J«K>6 and J>K«4 transitions. Oscillation has however 
been obtained on the J>K*6 transition of the isotope using a
closed resonator (Tafcahshi et a1 1960). It is interesting to note at 
this point that the maximum oscillation overfulfilment factor observed 
on the J*K«3 transition was estimated at 3.3.
4.4 NOZZLE SOURCES AND ROTATIONAL C00L1N6
Whenever high pressure nozzles are used as gas sources 
substantial rotational cooling takes place. If the pressure behind the 
nozzle Is sufficiently high, however, condensation effects start to 
become dominant. 1e, the avnonla molecules start to form dimers and 
higher clusters. This has two effects: firstly of reducing the 
fractional population of the monomer, and secondly of again Increasing 
the rotational temperature through the heating effects of condensation. 
For each transition there will be a source pressure which will produce 
the optimum rotational temperature for the transition. The problem is 
to find a source which when operated at that pressure gives optimum gas 
throughput for the maser.
Initially the maser was operated using single hole lOOum 
diameter sources. These gave optimum performance with nozzle pressures 
of 200, 300, and 600 torr on the J-K-1, J-K-2 and J*K*3 transitions 
respectively {Al>Juma11y 1979).
Since the J*K>I transition has the maximum of state population 
at the lowest rotational temperature, It was assumed that the lowest
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TABLE 4.1
THE OSCILLATION STRENGTH REQUIRED 
ON THE J=K=3 TRANSITION, TO OBTAIN 
OSCILLATION ON THE FOLLOWING
J , K  V A L U E S S A T U R A T E D
S T A T E
S E L E C T O R
J N S A T U R A T E D
S T A T E
S E L E C T O R
1 , 1 1 . 2 ‘ 1 6 *
2 . 2 1 . 2 * 1 . 3 *
3 , 3 1 . 0 1 . 0
4 . 4 3 . 1 3 . 0
5 , 5 4 . 2 4 .1
6 . 6 2 . 8 Z 7
2 , 1 5 . 7 1 6
3 , 2 5 . 4 97
4 . 3 3 . 4 4 . 5
‘ C a l c u l a t e d  a t  T = 5 0 K
rotation«! temperature obtainable must be reached at, or below, 200 
torr, and above this pressure the molecular beam was being warmed by 
condensation. A series of 2mn long slit sources of width between 12.5 1^« 
and l2Spm were investigated and a direct comparison was made between 
these and the 100pm hole sources in continuous mode oscillation 
operation. With single bean operation using a 12.5pm slit source, 
oscillation was obtained on the J*K«2 transition with an oscillation 
threshold of 9kV. For a single circular hole source no oscillation 
could be obtained. With double beam operation the oscillation threshold 
for operation with the slit sources was 6kV, whereas 5.3kV threshold 
could be obtained using two 100pm diameter hole source beams. Replacing 
the 12.5pm wide slit source by a 25pm wide slit source no single beam 
oscillation could be obtained.
For the 100pm diameter hole source the pressure behind the 
nozzle, and hence the gas throughput was limited by condensation 
effects. On increasing the nozzle pressure above 300mb, any advantage 
gained by Increased flux was lost by depletion of the J-K-2 state by 
dimer formation and a warmed molecular beam. The result was a beam flux 
which was below that required to load significantly the gas pumps and 
cause an increase in background gas pressure and scattering of the beam. 
For the 12.Spin slit, optimum pressure behind the nozzle was found to be 
between 60 and 80mb. This represented a significantly higher gas flux 
than that obtained with the 100pm hole source, the high flux being 
required to run the sources at a high enough pressure to give a 
significant degree of rotational cooling. Using one molecular beam 
only, the slit source operation was advantageous when compared with 
operation of the hole source. However using two slit sources, the gas 
loading of the main chamber was much Increased, with extensive 
scattering of the molecular beam. A less extensive scattering effect 
occurred when two 100pm diameter hole sources were used.
It should be noted that the spatial distribution of molecules 
leaving the hole and s11t nozzles are different, the hole source gives a 
cone-11ke distribution of molecules, whereas the slit sources give 
fan-like distribution of molecules, which Is better suited to the 
geometry of the present system (Sulkes, Jouvet and Rice 1982).
4.S EXPERIMENTAL METHOD AND SET-UP
Consider now the state population as a function of rotational 
temperature for the major rotational transitions of The 0»K»4
transition possesses a maximum of population at 273K. The shape of the 
curve for the J-K«4 transition follows the same form as for the curve 
for the strong J«K«3 transition, and so any nozzle source which will 
allow for oscillation on the J-K-4 transition should give excellent 
results with the J-K-3 transition. No curve of a strong transition 
resembles that of the J-K>6 line.
In order to obtain oscillation on the J>K>4 transition, the 
maser was operated Initially on the J«K*3 transition. In order to 
optimise nozzle sources and alignment, which would then be suitable for 
operation on the J-K-4 transition. The maser cavity was therefore 
Initially tuned to the J-K-3 transition. Each nozzle pipe was fitted 
with a pulsed valve, fitted with a small 27mm^ cap which housed a nozzle 
source 2mm long and 125)im wide. These extremely wide slit sources 
allowed for a high gas throughput and gave the strongest maser 
overfulfilment yet reached In the present system when operated with the 
pulsed beam. The maser was carefully aligned to optimise the maser 
power output. The maser cavity was then tuned to the transition 
frequency of the J-K-4 transition. On operation, the maser system gave 
pulsed oscillation on the J-K-4 transition with a threshold of 8.4kV.
It was found that the maser alignment was almost optimum for this 
transition.
The J-K-6 transition 1$ optlalzed et i m c h  higher roUtlonal 
temporeture 273K and so alMst any nozzle gas source which gives 
rotational cooling will have the effKt of depopulating this rotational 
state. Wider s11t sources were not available at the tiee, and effusive 
sources which have been tried with this (Baser systeii before failed to 
give a strong enough stlMlated eeission signal due to the geo«etry of 
the system. The maser cavity was tuned to the transition frequency of 
the J-K-6 transition, with the existing pulsed 12S)im wide slit nozzle 
sources. Strong stimulated emission was observed with both continuous 
wave and pulsed operation. The results with continuous wave operation 
suggested that the gas flux was quite small. An Increase In the gas 
pressure produced a depopulation of the J-K-6 state. Direct 
measurements of nozzle source pressure Is impossible as It is the 
combined pressure across the valve and the slit source which Is 
recorded, but since this Is directly proportional to the pressure across 
the the slit source It Is a useful indication. For the J-K-3 
transition, the optimum pressure behind the valve was found to be 
between 50-80mb, for the J-K-4, and J-K-6 transitions optimum pressures 
were found to be 40-50 and ISmb respectively. An attempt was made to 
improve the flux passing through the valve by heating the nozzle pipe 
and valves, in order to compensate for the effect of rotational cooling. 
This (wthod had the disadvantage of decreasing the interaction time 
inside the cavity as the beam velocity was Increased, but had the 
advantage of reducing the effects of any dimer formation. On heating 
the nozzle pipe and valve to 420K, optimum performance was obtained with 
the maser, giving pulsed oscillation with a threshold of 9.5kV on the 
J-K-6 transition.
4.8 CHARACTERISTICS OF THE HASER OSCILLATION ON THE J-K-4 AND J>K*6 
TRANSITIONS OF ^*NH3
Oespitt the reletively low thresholds of 8.4kV and 9.5kV the 
oscillation obtained on either of the J>K*4, and J-K-6 transitions was 
weak even when the EHT applied to the state selector was taken up to 
ZOkV. This suggests that the state selection process Is saturating at a 
relatively low voltage on both Inversion lines. The weakness of the 
oscillation Is Indicated by the fact that It was necessary to leave the 
naser system standing for several hours with the liquid air traps 
charged, In order to reduce the background pressure sufficiently to 
allow enough flux to enter the maser cavity and to reach the threshold 
for oscillation.
There was no evidence for the existence of oscillation amplitude 
settling transients on the <}*K-6 transition; however a snail aperiodic 
transient was observed on the J«K«4 transition. This suggests that the 
overfulfilment factor Is very low on the J-K-6 transition, and no more 
than approximately l.S on the J*K*4 transition. An example of an 
oscillation pulse on the J«K-6 transition Is shown In Fig. 4.Sa.
On both the J-K«4 and J-K-6 transitions, low frequency beats 
could be obtained upon application of a weak magnetic field In a 
direction perpendicular to the plane of the plates of the resonator. An 
example Is shown In Fig. 4.Sb, the beat frequency being approximately 
IkHz with the application of a magnetic field. The presence of
beats suggested that the oscillation had become e111pt1ca1ly polarized. 
However rotation of the coupling waveguide did not conclusively show 
oscillation In an orthogonal linear polarization. It appeared that 
changing the position of the waveguide changed the loading on the cavity 
and moved the cavity resonance frequency slightly. This was sufficient 
to quench the oscillation In both linear polarizations. The conditions 
for maser oscillation for both of these spectral lines 1$ critically


CHAPTER FIVE
TIME EVOLUTION OF THE OSCILLATION POLARIZATION ELLIPSE DURING THE 
FORMATION OF A GAS PULSE
5.1 INTRODUCTION
Th« tine evolution of the nlcrowave oscillation output power 
fron the naser disc resonator has been studied In two linear orthogonal 
polarizations (Chapter Z). In this chapter, both oscillation settling 
transients and bihamonic oscillation during the tine evolution of a gas 
pulse are discussed, using the Lissajous figure method. The Idea of 
displaying the output power originating fron the two linear orthogonal 
polarizations. In the f o m  of a Lissajous figure, was first successfully 
demonstrated by Yassin and Lalne (1981), using the present maser system. 
Static polarization ellipses were displayed with maser oscillation on 
the J«K>2 and J«K«3 transitions. Polarization bistability was observed 
on both the and J*K*3 transitions (Lalne and Yassin 1981), and the 
rotation of the najor axis of polarization in an applied magnetic field 
(Yassin and Lalne 198S). It was found that the elllpticity of the 
oscillation ellipse was dependent upon the strength of the applied state 
selector electric fields (Yassin 1981). In this chapter, a method Is 
developed to display the time evolution of the oscillation ellipse 
during the progress of the oscillation pulse, resulting from oscillation 
build-up following the opening of the pulsed valves.
5.2 THE METHOD OF LISSAJOUS SPIRALS
The build-up process of oscillation from thermal noise In a disc 
resonator Is a complex process, being essentially chaotic In nature.
Here near-identical Initial maser parameters produce widely different 
build-up processes. The first Indication of the fluctuation In the 
nature of the oscillation build-up was observed when Q-sw1tched 
oscillation transients were Induced In the present system (Lalne and
Al'J uu Hy 1979). The t i M  of silence end empHtude of the trenslents 
produced, verled widely from one oscillation pulse to the next. 
Transients Induced by the opening of the pulsed gas valve show the same 
effect, and have been Investigated In detail In two linear orthogonal 
polarizations (Chapter 2). The effect of this observation 1$ that 
averaging methods, or methods of successive sampling, cannot be used to 
determine the form of the time evolution of the oscillation ellipse.
All the Information on the form of the oscillation build-up must 
therefore be obtained from a single gas pulse, and hence single 
oscillation pulse.
Consider now the method of detection of the maser signal. A 
detailed description of the detection system used to display the static 
ellipse Is given (Yassin 1961), and a diagram showing the modified 
system used here Is given In Fig. S.l. The key for Fig. S.l Is as 
follows, A • phase shifter, B - 30MHz I.F. amplifier, C - Hatfield 
mixer, D • 45kHz bandpass filter, E - signal generator, F • Isolator, G 
• matching unit, H • resonant cavity, I • molecular beam and J - 
circulator.
The microwave signal at 24GHz originating from the maser system, 
was mixed with a portion of a 246Hz signal which originated from an Okl 
klystron. This signal was offset from the maser oscillation signal by 
30NHz, and thus produced a 30HHz difference signal. A second 246Hz 
maser signal was mixed with the second portion of power from the same 
Okl klystron, and a second 30HHz difference signal was produced on a 
separate channel. The relative phase between the two 30MHz signals was 
kept the same as the relative phase shift between the two 24GHz signals 
by use of a phase shifter In the microwave bridge. The two 30MHz 
signals were detected using crystal diodes. Type IN26A, and the 
resultant signals amplified using two Intermediate frequency amplifiers, 
one for each channel. The two 30MHz signals were mixed with a 30HHz
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signil fro« a crystal oscillator, offset Initially at lOOkHz, In a 
Hatfield «Ixer (Modulator type M04). In the original syste«
(Yassin 1981), the two lOOkHz signals were connected to the X and Y 
plates of the CRO to construct a Lissajous figure. The present system 
Is a modification of that of Yassin, In so far that rather than 
adjusting the two final downconverted signals to lOOkHz a frequency of 
45kHz was chosen. The signals at this frequency were bandpass filtered 
and amplified. For this to be successful however, the klystron 
oscillator had to be carefully phase locked to a quartz crystal 
oscillator, In order to reduce frequency Jitter. Two new 30M1z I.F. 
ai^llflers were constructed, based on Integrated circuit technology, 
which had Improved signal to noise of approximately three times compared 
with the earlier tuned circuit amplifiers.
Consider now the final 45kHz signals, combined to form a 
Lissajous figure. In the case of a static continuous maser signal where 
there are d e a n  filtered signals, producing a fine-trace elliptical 
Lissajous figure on the CRO, the spot on the CRO screen will complete 
one orbit of the displayed ellipse every 1/45,000 s. In the ideal case 
a finely resolved ellipse would be produced. This Is represented by 
Fig. 5.2a. Consider the dynamic case where, for example, rapid 
oscillation build-up Is taking place. During the 1/45,000 s required 
for the CRO spot to complete one orbit of the ellipse, the amplitude of 
the maser signal may have changed significantly. If the signal to noise 
ratios of the final 4SkHz signals are sufficiently good, the trace on 
the oscilloscope will now become an open Lissajous figure In the form of 
a spiral. This Is represented by Fig. 5.2b. If the change In amplitude 
or phase Is not great during the period of the final downconverted 
signal (1/45,000s), the form of the oscillation ellipse at any one time 
may be determined from the spiral patterns. The final downconverted 
signal may be changed from 45kHz In order to "follow" faster or slower
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events. Spiral patterns have been produced for both single and 
blhanaonlc oscillation on the and J-K«3 transition of NH^ fro« 
which the for« of the oscillation buHd-up In terns of changes of 
aaplltude. eccentricity, and orientation of the oscillation ellipse, has 
been determined.
5.3 FILTER CIRCUITS
Two filter circuits were constructed here from a design of 
Be11 (1984). The circuit diagrams are shown In Fig. 5.3. Both of the 
filters are two stage bandpass types, based on 741S operational 
amplifiers. Each filter has a gain of approximately 200, and a variable 
bandwidth between the limits of 10 and 2S kHz. The centre frequency of 
the filters could be adjusted between 35 and SO kHz. The filter 
circuits Introduce a phase shift between their Input and output signals. 
This phase shift Is amplitude Independent, but Is highly dependent upon 
the frequency of the Input signal. The technique used to correct this 
Is to balance the relative phase shifts between the two filters, so that 
each filter Introduces the same phase shift at a given operating 
frequency, and at all frequencies within Its bandpass. The filter 
circuits were Initially tuned to a reference signal. The outputs from 
the first stages of the filters were tuned, so that their centre 
frequencies were offset below the required centre frequency. The 
reference signal was divided and fed to the Inputs of both filters, and 
the outputs fro« the first stages of the filters were fed to the X and Y 
channels of a CRÛ. The filters were adjusted so that a linear Lissajous 
figure was obtained, and the figure renalned linear as the reference 
signal was tuned across the bandpass of the filters. The second stage 
of the filters were now connected to the CRO and the procedure repeated, 
so that the centre frequencies of the two stage filters were at the 
desired value. Using this method the phase shifts Introduced by both
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filters were balanced against each other, so that there was no relative 
phase shift introduced as the reference signal was swept across the 
bandpass of the filters.
S.4 SrrTlN6-UP PROCEDURE
The following setting up procedure was followed In order to 
produce spiral build-up patterns fron the pulsed maser oscillation.
1) The maser output power detected via the 30MHz Intermediate 
freguency amplifiers was displayed as a function of time, In the.same 
superheterodyne display method with zero sweep as was used for 
experiments described In Chapter 2 .  The nozzle pressures and cavity 
tuning were then optimised. In order to give a strong pulsed maser 
oscillation signal.
2) The Ohl klystron was phase-locked to a stable quartz crystal 
using a microwave frequency lock box (Microwave Systems, Type M0S3606). 
It was found far easier to phase-lock the klystron If the microwave lock 
box was left switched on to stabilize thermally for several days prior 
to the experiment. The drift In the klystron frequency can be reduced 
to few 10s of Hz per minute. The klystron was left to frequency 
stabilize for several hours prior to the experiment.
3} The circulator was now Inverted on the second arm of the 
superheterodyne microwave detection system, and a second channel was set 
up, showing again the oscillation output power against tiire. Both 
channels now displayed the horizontal component of the oscillation as a 
function of time. The klystron frequency was monitored via a microwave 
frequency counter.
4) The output from one of the 30MHz amplifiers was placed In one 
outer port of a Hatfield Mixer (Modulator type MD4). The 30HHz fixed 
frequency source was then fed Into the second outer port of the mixer. 
The difference frequency was received from the centre port of the mixer.
Inititlly the difference frequency wes fed directly to the CRO. Since a 
portion of the oscilloscope trace (output power against time), showed 
the signal level before and after the onset of oscillation, the trace 
could be used to display the signal to noise level of the final signal. 
The fine tuning of the klystron frequency 1ock*box was adjusted until a 
position of zero beats was obtained on the final downconverted signal.
5} The filter circuits were then placed between the final 
downconverted signals and the CRO. The klystron frequency was offset by 
approxlaately 4$kHz. The filtered signal was then optimised again by 
adjusting the fine tuning on the elcrowave frequency 1ock*box. After 
the second 45kKz signal was obtained, the two signals were then 
connected to the X and Y plates of the CRO to display Lissajous figures. 
6y adjusting the phase shifter placed In one of the alcrowave anas, a 
linear Lissajous figure was obtained. If this was not the case, It was 
usually due to one of the filters approaching saturation, this could be 
corrected either by reducing the klystron power supplied to the stronger 
channel, via an attenuator, or by attenuating the 30MHz fixed frequency 
supply to that channel. Once a linear Lissajous figure was obtained, 
the Input signals were adjusted to give Identical power levels on the
CRO display (adjusting the two gains of the X and Y channels), so that
the linear figure lies at 4S degrees to the X and Y axes. One of the
waveguides was then rotated by 90 degrees, and the Lissajous spiral 
patterns were then obtained.
6) A suitably delayed voltage pulse fro« the drive unit to the 
gas valve was amplified and fed to the Z modulation of the CRO. With 
careful adjustment, the brightness of the oscilloscope trace could be 
completely suppressed In the period between each gas pulse. Each pulse 
could then be Individually brightened Just before the onset of 
oscillation. The brightness of the oscilloscope trace would then 
decrease approximately exponentially, with a "half brightness" of
approximately 0.5ms. The oscillation trace was then photographed, with 
a time exposure of the camera just less than the time between successive 
gas pulses, so the whole of the spiral pattern was recorded on a single 
trace, without a double exposure.
S.5 SOURCES OF MEASUREMENT ERROR
There are several sources of error which must be considered when 
examining the spiral patterns produced. The main sources of error are 
Introduced by the use of the filter circuits. The filters have a rise 
time which Is comparable with the faster dynamic effects produced In the 
maser system, and so will modify the traces obtained. The rise time of 
the filters Is dependent upon their bandwidth. By Increasing the 
bandwidth of the filters from lOkHz, to a value In excess of 20kHz, the 
situation was Improved so that oscillation settling transients and low 
frequency beats could be clearly observed, unmodified by the presence of 
the filters. However, high frequency beating effects, and transients 
obtained at high levels of overfulfilment condition, were noticeably 
modified by the presence of the filters.
A second source of error Is due to the saturation of the 
filters. This effect often occurs when the maser signal obtained from 
one channel Is rather weak. Increasing the fixed frequency signal at 
30MHz to enhance the signal to noise ratio of the weaker signal causes 
the stronger signal, (whose amplitude has also been Increased), to 
saturate the filter circuit. A sketch of a faulty trace Is given In 
Fig. 5.4. Here the same signal 1$ being fed to both of the X and Y 
traces of the CRO, except that the V signal Is saturating the filter 
circuits. As the gas pulse progresses the oscillation level changes and 
the relative X to Y amplitudes change (due to saturation), an apparent 
rotation of the linear trace Is caused. The solution is either to 
attenuate the 30HKz fixed frequency signal applied to the strong
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channel, or to attenuate the maser signal produced by the strong 
channel.
Another source of error may occur when one of the microwave 
waveguides is rotated, the distance between the crystal detector and the 
maser cavity may be slightly changed. Any large change in this distance 
will alter the pressure applied to one of the cavity plates, spoiling 
the cavity Q value and preventing maser oscillation. This results In 
the production of an arbitrary phase shift between the two maser signals 
and possibly a change in amplitude of the signal out of the rotated 
waveguide. A check on the magnitude of this effect may be made by 
rotating the waveguide back to the vertical position at the end of the 
experiment. Any phase shift between the two channels will now be due to 
the above effect. In practice a small phase shift of few degrees was 
observed.
The bandpass nature of the filter circuits may lead to errors 
due to differential amplification of signals at various frequencies.
This may cause a slight error when biharmonlc oscillation is being 
studied, as the ratios of amplitudes of the two components may not be 
preserved after filtering. Any frequency jitter of either the maser 
signal or the klystron may be converted into amplitude jitter by the 
filters. In practice however the klystron frequency may be held stable 
enough to reduce this effect to a negligible amount. Finally the 
relative phase shifts of the two filters across their bandpass may not 
be completely balanced.
S.6 EXPERIMENTAL RESULTS
The phenomena observed in the experiment may be considered under 
the following headings;- Low frequency biharmonlc oscillation on the 
J*Ka2 transition under an applied magnetic field; single frequency 
oscillation build-up on the J-K-2 transition, Including the observation
of oscillation amplitude settling transients; oscillation on the 
transition with modified cavity anisotropy, brought about by placing a 
thin wire within the cavity. Oscillation on the J-K-3 transition, and 
low frequency blharmonic oscillation in zero applied field have been 
observed with this technique.
S.7 LOW FREQUENCY BIHARNONIC OSCILUTION WITH AN APPLIED HAGNETIC FIELD 
5.7.1 GENERAL COMMENTS
When a magnetic field is applied in a direction perpendicular to 
the plane of the resonator discs, the der •'acy of the two aH • ±1 
transitions is lifted aid biharmonic oscmation is possible through 
Zeeman splitting of the spectral line. For static maser operation, 
biharmonic oscillation below a beat frequency of 4.8kHz 
(Al-Jumai1y 1979) does not occur, due to phase-locking of the two 
oscillation components. Under pulsed operation of the maser 
(Chapter 2), low frequency beats are obtained at frequencies as low as 
800Hz. The beat effect dies away after few cycles, as one oscillation 
gains strength at the expense of the other.
The spiral pattern obtained via the Lissajous figure display 
resembled a rosette pattern. Three examples of the pattern are shown in 
Fig. 5.5a,b,c. To a first approximation the two oscillations may be 
considered as two counter-rotating elliptically polarized oscillations 
which beat together to give a nearly linearly polarized resultant 
oscillation. This linear oscillation rotates at the beat frequency to 
give the resultant rosette pattern. It must be remembered however, that 
the observed signal is the beat pattern from the two downconverted 
signals both at 45kHz with a frequency difference of one or two kHz.
The CRO Z-modulation bright-up pulse will highlight the initial one or 
two cycles of the beat pattern. However in many cases the orientation 
of the final single frequency stable elliptical oscillation may be

s.7.2 EXPERIMENTAL OBSERVATIONS
The following general trends were noted.
The direction of rotation of the final composite ellipse,
(formed from the sum of the two oscillation ellipses), was dependent on 
the direction of the applied magnetic field. When the direction of the 
applied magnetic field was inverted, this reversed the direction of 
rotation of the composite ellipse.
The rate of rotation of the composite ellipse and hence the beat 
frequency was dependent upon the applied magnetic field, an increase in 
the applied magnetic field produced an Increase in the rate of rotation 
of the composite ellipse.
The form of the envelope of the observed beat pattern was 
dependent upon the applied magnetic field and cavity tuning. At 
relatively high applied magnetic fields and under some operating 
conditions with relatively low applied fields, the beat envelope shape 
approached a circle, as shown in Fig. 5.5a,b. The beat envelope may 
also become elliptical (Fig. S.6a). At relatively low applied magnetic 
fields under different operating conditions, the shape of the envelope 
approached a parallelogram whose sides were inclined at approximately 45 
degrees to the horizontal and vertical axes, as shown in Fig. 5.5d.
These angles vary from pulse to pulse. At approximately the same 
applied magnetic field, and hence beat frequency, the variety of the 
beat envelopes was extremely varied. Several examples are shown 
(Fig. 5.5 to Fig. 5.7), displaying the variety in the beat envelope 
produced. The envelope shape was also highly dependent on the tuning of 
the cavity resonance across the maser oscillation frequency, and 
secondly the initial alignment of the cavity and hence the orientation 
of the cavity plates relative to each other, and therefore the


anisotropy of the cavity.
In the case of the parallelogram beat envelope, the final 
oscillation ellipse was orientated such that its major axis was aligned 
in the same direction as the largest side of the parallelogram 
(Fig. 5.5d). There Is an occasional exception, however, when the major 
axis of the ellipse is aligned in the same direction as the smallest 
side of the parallelogram, as shown in Fig. 5.8a.
The ellipticity of the rotating composite ellipse changes 
periodically as the ellipse rotates. The ellipse has its greatest 
eccentricity as its major axis passes the corners of the parallelogram, 
and least eccentric as the ellipse major axis of the ellipse 
perpendicularly bisects one side of the parallelogram. As the 
oscillation ellipse developed In time it became less eccentric, and one 
of the oscillations died away, and finally the ellipse settled down to a 
stable shape and orientation.
The rate of rotation of the composite ellipse varies in time.
It is most non uniform as the envelope of the beat pattern approaches a 
parallelogram. The rate of rotation of the ellipse is fastest at the 
positions where it is least eccentric; these correspond to the positions 
where the major axis of the rotating ellipse perpendicularly bisects one 
of the sides of the parallelogram. The rate of rotation is slowest when 
the major axis of the ellipse is in line with one of the corners of the 
parallelogram as shown in Fig. S.8a,c. The beat frequency remained 
constant as the oscillation pulse evolved. Where two or more complete 
half cycles were observed the time taken to complete these was 
identical.
The initial build*up of biharmonic oscillation was quite varied, 
this depended to a large extent on the maser parameters and 
anisotropies. Operating conditions which produced a near-circular beat 
pattern produced a build-up pattern where the Initial development of the

copnposlte osc111«t1on ellipse Increased In amplitude and rotated at the 
same time (Fig. S.Sa,b,c). Where there are near-para11e1ogram beat 
envelopes, some traces show a similar rotating composite ellipse 
buHd'Up (Fig. S.9c). Under the same operating conditions It Is 
possible to produce a strong linear Initial build-up (Fig. 5.7a,
F1g. 5.9d and Fig. 5.14b) of the composite ellipse along the horizontal 
axis. This composite ellipse only starts to rotate when Its maximum 
amplitude has been reached. Composite ellipses which started their 
build-up In the near vertical direction continued to Increase In 
amplitude and rotate at the same time (Fig. 5.7d and Fig. 5.9c), hence 
an apparent discrepancy between Initial build-up In the horizontal and 
vertical directions has been observed. A final set of operating 
conditions may be obtained where It was possible for the composite 
ellipse to build-up linearly either vertically or horizontally to Its 
full amplitude and then start to rotate (Fig. 5.8a and Fig. 5.13a). 
However linear build-up In any other linear position was not obtained. 
Under these conditions, It was still possible to obtain traces In which 
the composite ellipse built up and rotated at the same time 
(Fig. 5.13b).
Consider the final oscillation ellipse observed at the end of 
the majority of the oscillation pulses. The final ellipse appears to 
have two possible stable orientations, whose major axes lie parallel to 
a pair of sides of the parallelogram beat envelope. The Interesting 
point here Is that under certain fairly critical operating conditions 
the build-up process differs on successive gas pulses, so that the 
orientation of the final oscillation ellipse orientation changes from 
one final stable position to the other. The pair of longer sides of the 
parallelogram beat envelope change orientation In a similar way on 
successive gas pulses (Fig. 5.13c,d). The choice of final polarization 
orientation for the oscillation ellipse, and the orientation of the

longer side of the para11e1ogrui appears to be an alaost random process, 
with nearly Identical Initial conditions giving a possibility of one of 
two final orientations. Under other operating conditions, It is 
possible to obtain parallelogram beat envelopes where there Is only one 
stable position for the final stable oscillation ellipse (Fig. 5.14a,b).
The major axes of the two final stable elliptical orientations 
differ from each other by approximately 90 degrees for the J-K-2 
transition. It is Interesting to note however, that when considering 
the two stable orientations of the oscillation ellipse with previous 
static work on the system (Yassin 1981), the difference In orientation 
of the two polarizations was only 2  degrees. This was measured under 
conditions of zero applied field. As the final oscillation ellipse dies 
away due to gas scattering, the elllpticity of the ellipse Increases and 
the major axis rotates from a position at 45 degrees to the horizontal 
axis, towards the horizontal axis Itself (Fig. 5.14c,d).
5.7.3 COMPUTER SIMULATION OF ANTIPHASE BEATS
A simple computer model of the beat patterns nay easily be 
obtained. To a first approximation. It Is assumed that the output power 
level remains constant and that the orientation and eccentricity of the 
component oscillation ellipses are also constant. The trace observed on 
the oscilloscope Is the beat pattern between the two down-converted 
oscillations, centered at approximately 45kHz with a frequency 
difference of one or two kHz. The coordinates of a point In a 
anticlockwise elliptical orbit may be represent by the following 
coordinate system (Fig. 5.10), Xj ■ * cos(«t), y^ - b sln(ut), where x^ 
and y^ are the coordinate axes with respect to the major and minor axes 
of the ellipse, a and b represent respectively the amplitude of the 
major and minor axes, b/a gives the eccentricity and w the angular 
frequency of the oscillation ( - 2*i*45kHz). Consider a second
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clockwise elliptical orbit orientated to different coordinate axes, * 2 ,  
y^. This ellipse nay be represented by the following coordinate system 
X2 • c cos(ii)t) y2 ■ -d sln(ut). Now the system must be considered In 
normal cartesian coordinates x,y, where x corresponds to the horizontal 
axis of both the oscilloscope and the maser cavity (Fig. 5.10). Let the 
first ellipse axis be orientated by an angle a, and the second ellipse 
by an angle 0, In the opposite direction to the x axfli In the normal x,y 
coordinate system. The rotation matrices for coordinate system Xj,y| 
and Olven by,
^cos(«), -s1n(o) \ /cos(s), sfn(|î)^
^s1n(o), cos(«)y y-sin(i), cos{|!)^
In the normal coordinate'system the first oscillation Is represented by.
(c («) COS(S ! \
s { ß ) j
Í'sys 111 1<
0/cos(oi), -s1n(o()\ / a  cos(ujt) \^sln(o), cos(«)y y b  sln(Ujt) /and the second oscillation Is represented by:
/ x \  /cos{0), Sln(0)\ / c  cos(u2t)\
\yj y-sin(p), cos(p)y y-ds1n(u2t)y
adding both of these to give a beat páttern and rearranging gives:
X • acos(tt)cos(u^t) * bs1n(«)$1n(ujt)
*  ccos(p)cos(u2t) ¿  d?in(p)s1n(u2t} 
y := as1n(oi)cos(u^t) *  bcos(«)s1n(u^t)
• cs1n(p)cos(u2t) * dcos(p)s1n(u2t)
By plotting y against x for a time t of one half beat cycle a 
theoretical beat pattern may be obtained. By making « and p functions 
of time any rotation of the composite ellipses may be simulated, by 
making a,b,c, and d functions of time, the changes In amplitude and 
eccentricity of both component ellipses may be simulated. In the traces 
presented here all the parameters a,b,c,d remain constant.
S.7.4 THEORETICAL BEAT PAHERNS
The beet pattern obtained from two counter-rotating circularly 
polarized ellipses Is shown In Fig. S.ll. The beat envelope Is 
circular, and the pattern Is that of a linear resultant, rotating In 
time. The beat pattern from two orthogonal linear oscillations of the 
sane amplitude produces a square beat pattei^ for the oscillations 
placed vertically and horizontally, the sides of the square lie along 
the horizontal and vertical axes, for the oscillations being polarized 
at 45 degrees to the horizontal and vertical axes the sides of the 
square also H e  at 45 degrees to the horizontal and vertical axes 
(Fig. 5.12a,b). By adjusting the orientations of the two linear 
polarizations from 45 degrees and varying the relative amplitude of the 
two linear polarizations, the parallelogram beat patterns could be 
simulated (Fig. 5.12c,d). On Increasing the eccentricity of the two 
ellipses other beat patterns obtained experimentally could be simulated. 
It was concluded that the parallelogram beat envelopes were produced by 
the beating of two linear polarization (ellipses) orientated each at 
near 45 degrees to the horizontal and vertical axes. In opposite 
directions. The conclusion was also drawn, that the near-circular beat 
envelopes were produced by the beating of two near-circular 
oscillations. This 1s In agreement with previous experimental work 
(Yassin 1981), where It was shown that the stronger the applied magnetic 
field, the nearer to circularity the oscillation ellipse became. In the 
present case. Increasing the applied magnetic field Increases the 
circularity of the two component ellipses, w U h  the result that the beat 
envelope changes from a parallelogram towards a circle.
The parallelogram and near-parallelogram beat envelope computer 
traces are In good agreement with the experimental results obtained 
(Fig. 5.5d, Fig. 5.8a,c, Fig. 5.13a, Fig. 5.14c). Here the rate of 
rotation of the simulated composite ellipse Is non uniform, being at Its
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slowest es the mejor exis of the slmuleted composite ellipse is in line 
with e corner of the perellelogrem, end festest when the mejor exis of 
the siauUted composite ellipse bisects the perellelogrem.
Further-more, the ellipticity of the simuleted composite ellipse is 
elmost lineer when the mejor exis of the sinuleted composite ellipse 
lies in e corner of the perellelogrem, end leest eccentric when the 
mejor exis of the slmuleted composite ellipse is perpendiculer to one of 
the sides of the perellelo^rem.
S.7.S PRELIMINARY INTERPRETATION OF RESULTS
The chenges thet teke piece In the component oscilletion 
ellipses during the evolution of the ges pulse mey be determined by e 
study of the beet pettems. Firstly, consider the treces showing e 
perellelogreffi beet envelope. The finel single frequency oscilletion 
ellipse mey be observed on meny of the treces. Here the mejor exis of 
this oscilletion ellipse is orlenteted in the seme direction es one of 
the sides of the perellelogrem, end hence orlenteted in the seme 
direction es one of the lineer component osclUetlons producing the beet 
envelope. The conclusion Is drewn thet this oscilletion component 
develops into the finel oscilletion ellipse, chenging its polerizetlon 
from lineer to elliptice! es the beet envelope dies ewey, due to the 
suppression of the second oscilletion. These two processes, elthough 
occuring et the seme time, eppeer to be independent. On most treces 
(Fig. 5.8e), the beet pettern deceys while the envelope still remeins 
neer-perellelogrem sheped, while on other treces obeined under different 
opereting conditions (Fig. 5.3Se,b), the beet pettern becomes 
neer-circuler due to the chenge In the two oscilletion components from 
lineer to ellipticel polerizetions before there hes been eny substentlel 
decey In the beet envelope.
The perellelogrem beet envelope treces which show either
horIzonUl or vertical Initial linear oscillation build-ups are now 
examined (Fig. 5.8a and Fig. 5.13a). The composite ellipse here Is not 
rotating In time, nor Is Its eccentricity changing. The rest of the 
parallelogram beat pattern Is produced from two near linearly polarized 
oscillations inclined at near 45 degrees to the x and y axes. It Is 
Impossible, however, for the two near-llnearly polarized oscillations 
Inclined at nearly 90 degrees to each other to produce a beat pattern 
where the composite ellipse does not rotate In time and remains linearly 
polarized. The linear polarization build-up observed here can only have 
been produced by either a single or a biharmonic linearly polarized 
oscillation, where the oscillations remain linearly polarized in the 
direction of the linear buHd-up. These oscillations presumably rotate 
by approximately 45 degrees during the course of the build-up.
It Is interesting to consider why the linearly polarized 
oscillation build-up occurs under some operating conditions in the 
horizontal direction on1y,^under other operating conditions in the 
horizontal and vertical directions only, and has never been observed at 
any Intermediate angle near 45 degrees. It Is proposed here that the 
Initial linear build-ups are due to one or both component oscillations 
displaying oscillation amplitude settling transients (Chapter 2), which, 
In many examples of single frequency oscillation build-up occurs 
linearly along the horizontal axis. Due to the anisotropies In the 
system, the threshold for Initial linear transient buHd-up In the 
horizontal direction Is lower than the threshold for Initial linear 
transient build-up in the vertical direction. Under some operating 
conditions the threshold for transients in the horizontal direction Is 
fulfilled, but the threshold for transients In the vertical direction Is 
not, hence only horizontal linear initial buHd-ups are observed. Under 
other operating conditions the thresholds for both horizontal and 
vertical linearly polarized transients are reached, and both vertical




and horizontal linearly polarized Initial build-ups are observed. In 
single frequency oscillation, linearly polarized transients Inclined at 
approxlnately 45 degrees to the horizontal and vertical axes have been 
observed, although they are not conmon. Consider now a transient 
buHd-up at 45 degrees to the horizontal and vertical axes. This 
oscillation build-up Is very close In orientation to one of the stable 
oscillation orientations. It Is proposed here that Initial buHd-up In 
this direction favours the oscillation component with Its major ellipse 
axis aligned In the sane direction as the Initial bulld-up, rather than 
the oscillation component aligned with Its major axis at 90 degrees to 
the direction of Initial build-up. The advantage may be so great as to 
prevent the second component from reaching oscillation threshold, and so 
single frequency oscillation Is observed. Evidence for this Idea is 
shown In (Fig. 5.15b), where under the same operating conditions 
required to produce parallelogram beat envelopes, only single frequency 
oscillation build-up Is observed. The Initial direction of build-up Is 
between 35 and 45 degrees to the horizontal axis, close to the final 
stable position Inclined at between 40 and 45 degrees to the horizontal 
axis.
No linear Initial build-up has been observed on traces 
displaying near-circular beat patterns. The near-circular beat patterns 
(Fig. 5.5a,b) are produced when two-component oscillation ellipses are 
nearly circular. Any linear transient would have to become elliptical 
extremely rapidly In order to produce circularly polarized oscillation 
ellipses early In the build-up. This would cause any linear Initial 
build-up observed to become an elliptical composite ellipse rather 
rapidly, with the composite ellipse both building up and rotating at the 
same time. Further-more, the greater applied magnetic field usually 
required to produce circular beat envelopes would Increase the threshold 
for the transients, and reduce the amplitude of any transients produced.
Finally a sptcific tract Is shown and the evolution of component 
ellipses discussed. Fig. 5.13a shows an Initial linear vertical 
oscillation buHd-up, where one or both of the oscillation ellipses 
build-up nearly linearly and vertically. Any transient effect here will 
modify the beat envelope pattern slightly. One or both of the linear 
oscillations rotate approximately 45 degrees to give two linear 
polarizations at 90 degrees to each other, producing a near square beat 
envelope. After a quarter of a cycle the beat pattern rapidly decays as 
one of the linear oscillations 1$ lost. The second oscillation now 
changes from being linearly polarized to being elllptically polarized: 
as the oscillation decays Its orientation remains constant. This type 
of analysis may be repeated for most of the observed traces.
A few traces show unexplained features, examples are 
Fig. 5.15c,d, there appears to be an oscillation prepulse present on 
these traces.
5.8 SINGLE FREQUENCY OSCILLATION ON THE J-K«2 TRANSITION OF ^^NK^
5.8.1 GENERAL COHNENTS
Single frequency oscillation build-ups on the J«K«2 transition 
of show a variety of Lissajous spiral patterns, depending upon the 
Initial conditions of the maser system. Examples are shown In Fig. 5.17 
to Fig. 5.24. The build-up patterns are highly dependent upon the 
anisotropies within the system, both the anisotropies of state selection 
which are EHT dependent, and the anisotropies of the maser cavity, which 
are dependent on the flatness and alignment of the cavity plates. The 
build-up patterns are also dependent on the cavity tuning and any 
applied fields, either electric or magnetic.
The build-up process may be divided into three parts, the 
Initial build-up of a settling transient, an Intermediate region where 
the oscillation ellipse rearranges Itself, with Its orientation and
tcctntrIcUy changing In tlae du« to th« dynwic processes Involved, end 
e final 'stable* oscillation ellipse position, (governed by the static 
naser parameters), which slowly decays In time due to the time 
dependence of some of these parameters. On some traces either the 
transient buHd-up or the Intermediate period may be absent, and on some 
traces the Z*br1ght-up time of the CRO was too short to observe the 
position of the final ellipse. Each of these stages of the buHd-up 
process w111 be commented upon in turn and any emerging trends 
discussed. Two examples of traces are shown (Fig. 5.17a,b).
5.8.2 EXPERIMENTAL OBSERVATIONS
The following genera) trends were noted.
The direction of the bu11d*up of the initial settling transient 
Is highly dependent on Initial conditions, In the majority of cases 
however the Initial build-up Is along or near to the horizontal axis and 
to a d o se approximation linearly polarized (Fig. 5.17c,d and 
Fig. S.I8a,b,c,d). A few traces show build-up In the vertical 
polarization and Intermediate positions (Fig. 5.17b, Fig. 5.19a,b,c,d 
and Fig. 5.20a,b). In all cases of linear polarized build-up the 
oscillation passes from a linear polarization to an elliptical or 
circular polarization, which Is observed later In the oscillation pulse. 
Only In a few examples (Fig. 5.20c,d) did the very early stages of the 
build-up process produce an elliptical or circularly polarized build-up.
At low levels of EHT (6-12kV) only linearly polarized build-ups 
along or near to the horizontal axis were observed. Here the build-up 
patterns are similar on successive gas pulses. At higher levels of EHT 
(lS-20kV} an Initial linear build-up Is observed In all directions.
Here the build-up patterns may be very different on successive gas 
pulses, transient build-ups occur In different directions, and with 
different amplitudes.
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For an oscillation buHd-up close to the horizontal, the 
oscillation transient remained nearly linearly polarized until it 
reached its ntaximum amplitude (or even later), and as the transients 
decayed into the intermediate region the oscillation becomes elliptical 
(Fig. S.l7c,d and Fig. S.18.a,b,c,d). With oscillation build-up in the 
vertical direction, the oscillation became elliptical as it was 
developing, so that as the transient reached maximum amplitude it is 
already elliptical (Fig. 5.19b and Fig. 5.2Ia,b). Here the major axis 
of the experimental polarized oscillation transient often did not remain 
constant but rotated in time as the transient developed and died away 
(Fig. 5.17b and Fig. 5.21b). In some cases the transient ellipse 
finally rotated to the horizontal position. This is very common with 
linear transient build-up at orientations intermediate between 
horizontal and vertical (Fig. 5.20a,b). The rate of rotation was 
non-uniform and its direction may have reversed during, or after the 
transient build-up (Fig. 5.17b).
The rate at which transient build-up changes from linear to 
elliptical polarization varies also on successive gas pulses (Fig. 5.17d 
and Fig. 5.18d). Here two linear horizontal build-ups are shown. In 
Fig. 5.17d the oscillation remains linearly polarized until the total 
decay of the transient, where as in Fig. 5.18d the oscillation has 
become elliptical at the maximum excursion of the transient.
On many traces the intermediate region is simply the movement of 
the oscillation ellipse from its Initial near-linearly x-polarized 
transient build-up, to one which is an elliptically polarized final 
stable orientation in a different direction. In several examples, under 
high values of EHT state selection and critical cavity tuning, the 
intermediate region is far more complicated (Fig. 5.21c,d and 
Fig. 5.22a,b,c). Fig. 5.21d and Fig. 5.22b show near-vertically 
polarized settling transients rotating as described previously. There


appears to be two stable.or near-stable oscillation orientations where 
the najor axis of the oscillation ellipse 1s Inclined at 20 degrees and 
5 degrees respectively, on opposite sides of horizontal axis. It 
appears that the major axis of the oscillation ellipse rotates to one or 
other of these positions on the decay of the oscillation transient. The 
oscillation ellipse then appears to become elliptical with 1t$ major 
axis orientated along the horizontal axis, as the oscillation ellipse 
passes from the first near-stable position to the second, the major axis 
of the oscillation ellipse having crossed the horizontal axis In the 
process. Fig. S.21c and Fig. S.22a,b show the effect in the absence of 
the initial vertical transient. It 1$ Interesting to note that this 
effect has not yet been observed following an initial horizontal linear 
build-up.
A few traces show unexplained features, an example being 
Fig. 5.22d, where a linearly polarized transient build-up begins at 
approximately 30 degrees to the horizontal axis. This transient rotates 
towards the horizontal axis and then remains stationary, linearly 
polarized In the horizontal direction, for 0.10 mllll seconds, before 
rotating further.
The final stable oscillation ellipse orientations show a variety 
of elliptical polarizations and near-circular polarizations. In many 
examples the major axis of the ellipse is positioned along the 
horizontal axis {Fig. 5.17 to Fig. 5.19). In other examples the major 
axis of the ellipse may be inclined to the horizontal axis by an angle 
of approximately 30 degrees. The angle of Inclination of 45 degrees 
which was obtained for the angle of Inclination of the oscillation 
ellipse under an applied magnetic field was not reached.
Under conditions of high EHT (15-20kV) and critical cavity 
tuning and alignment there were two possible stable final orientations 
of the oscillation ellipse, each with the major axis of the ellipse

Inclined to the horizontal axis by an angle of up to 30 degrees, the two 
ellipse major axes being Inclined In opposite directions (Fig. 5.24a,b). 
It Is possible, on successive gas pulses for an initial linearly 
polarized oscillation build-up in the near horizontal direction to 
arise, and to be followed by one of two possible rotations of the 
oscillation ellipse. On the first oscillation pulse the oscillation 
ellipse nay rotate clockwise to one stable final elliptical orientation, 
and on the following oscillation pulse the oscillation ellipse may 
rotate anticlockwise to a second stable final elliptical orientation (or 
vise versa) (Fig. 5.24a,b). This effect Is similar to the two stable 
final elliptical orientations obtained under conditions of an applied 
magnetic field (Chapter 5.7). However, In the latter case, rotation of 
the major axis of polarization under an applied magnetic field 
(Yassin and Laine 1985) Increased the angle between the two major axes 
of the stable ellipses, from approximately 60 degrees to approximately 
90 degrees.
As the the final stable oscillation ellipse decays, both the 
eccentricity and the orientation of the ellipse change In time. In many 
examples the major axis of the ellipse rotates towards the horizontal 
axis and the eccentricity decreases so that the oscillation becomes more 
linear. The same effect was observed under an applied magnetic field 
(Fig. 5.17b, Fig. 5.18c, Fig. 5.19a. Fig. 5.23c, Fig. 5.24a,b).
5.8.3 PRELIMINARY INTERPRETATION
At low levels of EHT, the anisotropies In the system are 
dominated by a large state selector gain anisotropy, which favours gain 
and hence oscillation build-up In the horizontal direction. As the EHT 
Is Increased the anisotropy Is reduced. However It does not appear to 
be eliminated.
The direction of Initial oscillation build-up depends not only

on static values of the various anisotropies, but also on fluctuations 
of various types within the maser system, including thermal noise. Such 
fluctuations may possess an anisotropy time dependence, for example, via 
vibrations of the cavity plates, This would change the relative gains 
between the horizontal and verticil directions, and hence the most 
favourable orientation for oscillation build-up. However the 
time-averaged gain anisotropies over a few milliseconds evidently still 
favours oscillation buHd-up in the horizontal direction for the 
following argument to hold.
The rate of buHd-up of the maser oscillation is dependent on 
the maser oscillation overfulfilment factor (Oraevskii 1964), at low EHT 
values, the gain in the vertical direction is insufficient to produce 
either Rabi oscillation settling transients or rapid oscillation 
buHd-up, whereas the gain in the horizontal direction Is sufficient to 
produce both. The result is strong horizontal linear build-up 
irrespective of the initial direction of the oscillation polarization at 
the moment oscillation began, due to thermal noise or other rapid 
fluctuations. The polarization of the oscillation at the moment it 
begins determines only the point in the build-up process where the 
oscillation ceases to be horizontally linearly polarized. At higher 
levels of EHT the gain in the vertical direction is now sufficient for 
the production of rapid settling transients. However the gain and rate 
of the build-up process in the horizontal di>‘ect1on is greater. 
Oscillation build-up which begins along, or near, the horizontal 
direction continues to build-up in this direction, since this is the 
direction of greatest gain. The much later and slower build-up of 
oscillation in the vertical direction causes the linear oscillation to 
become elliptical, although this is noticeable only after the peak value 
of the oscillation transient has been obtained. Oscillation build-up 
which begins along or near the vertical direction is more complicated.
as a high level of oscillation output power cannot be sustained In that 
direction. The bu11d*up of oscillation 1n the horizontal direction will 
occur much faster than oscillation build-up In the vertical direction 
although It may begin later. The result Is that when the oscillation 
transient has reached its maxlaium value In the vertical direction there 
Is already a substantial build-up of oscillation In the horizontal 
direction. There are two possible effects. Either the oscillation 
becomes elliptical In its early stages of build-up or the linear 
oscillation polarization rotates from a vertical to a near horizontal 
direction. Both of these effects are observed experimentally.
In the static case, the combination of state selector linear 
gain anisotropy, and both gain and phase anisotropies introduced by the 
cavity resonator lead to the observation of polarization bistability 
(Laine and Yassin 1981). It appears that the two possible polarization 
orientations observed In the final "stable" portion of the gas pulse 
(Fig. 5.24a,b) correspond to the two possible bistable positions. As 
noted previously, under an applied magnetic field the angle between the 
two possible polarization orientations is approximately 90 degrees under 
the earth’s field, whereas in the present case the angle between the two 
polarization orientations Is approximately 50-60 degrees. Note however, 
that the angle between the two polarization orientations reported by 
(Yassin 1981) for the J-K-2 line of the angle was only 2 degrees. 
This suggests that the angle between the two stable orientations Is a 
function of the anisotropy and magnetic field present in the system at 
the time of observation. It Is unlikely that a difference of 
orientation of 2 degrees would have been observed by the present method 
of operation.
The Intermediate portion of the oscillation build-up process is 
highly variable. Under certain operating conditions two stable or 
near-stable oscillation ellipse orientation positions are observed on
the sane oscillation buHd-up trace, the angle between the major axis of 
these orientations is approximately 15 degrees (Fig. 5.21c,d and 
Fig. 5.22a,b,c). It is not clear whether or not these two stable or 
near*stab1e polarization orientations correspond to the bistable 
positions of the static case (laine and Yassin 1981). If so, the 
passage of the oscillation ellipse fron one elliptical polarization 
orientation to another may give some Indication of the form of the time 
evolution of elliptical polarization orientation flips.
The change in the eccentricity and orientation of the 
oscillation polarization ellipse as the oscillation pulse slowly decays 
In time Is Interesting to discuss. These parameters of the polarization 
ellipse depend on the gain and phase anisotropy of the maser cavity and 
the gain anisotropy of state selection (Yassin 1981). There are several 
possible explanations for the changes that occur with the polarization 
ellipse. These are discussed below.
1) The anisotropies of the system may remain constant throughout 
the gas pulse, but the dynamic settling processes may not have been 
completed, so that the the changes in orientation and eccentricity may 
be a dynamic effect.
2) The anisotropies may remain constant, but the ellipse 
parameters may be a function of the oscillation overfulfilment 
condition. The number of state selected molecules R required to reach 
maser oscillation will be different for the vertical and horizontal 
polarizations due to cavity gain anisotropy. However, this Is small 
compared with state selector anisotropy and will be neglected here. The 
ratio of the number of state selected molecules In the horizontal 
polarization to the number of state selected molecules In the 
vertical polarization Is assumed constant (constant gain 
an1sotropy}(N^>Ny). The amplitude of oscillation Is dependent on the 
function (N-R) where N Is the number of state selected molecules In the
relevant polarization. and Ny are functions of time, therefore the 
function (N^-R)/(Ny *R), the ratio of the horizontal component of 
oscillation to the vertical component Is also time dependent. As is 
greater than Ny the result of the total oscillation amplitude falling, 
Is that the vertical component of oscillation will decay fastest. This 
has the result that either the oscillation becomes more linear, or Its 
major axis rotates towards Its horizontal axis, which agrees with 
experimental results (Fig. 5.24a,b).
3) The state selector gain anisotropy may be time dependent. 
Electric field state selection selects molecules In the H, • ±2 and
proportional to Molecules in the Hj - t Z  state are normally
completely state selected and contribute mainly to the horizontal 
polarization of oscillation. Molecules In the Hj - tl state are less 
well state selected, the number of state selected molecules entering the 
maser cavity being dependent on the Intensity of the molecular beam and 
Its scattering (Al>Juma11y 1979). These molecules contribute to the 
oscillation output power In both polarizations. As the gas pulse 
progresses the scattering of the molecular beam Increases, the molecules 
In the Hj - ±1 state are more easily scattered. The fraction of 
molecules In the Hj - tl state reaching the maser cavity Is reduced, and 
so the anisotropy of state selection Increases. The effect is as In (2) 
above.
ij - ±1 states. The focusing force of the state selection Is 
,2
5.9 OSCILLATION ON THE J-K-2 TRANSITION OF ^*NH3 WITH MODIFIED CAVITY 
ANISOTROPY
5.9.1 GENERAL COMMENTS
In order to examine further the effect of the cavity anisotropy 
on the oscillation build-up process, the cavity anisotropies were 
deliberately modified by stretching a thin metal wire along the fringe
field of the u s er cavity, such that It was positioned syaaetrlcally 
l>etween the two cavity plates, with the wire at Its Midpoint extending 
up to approximately 1 cm Inside the cavity. The wire was placed both 
horizontally and vertically on different occasions. The effect of the 
wire was firstly to lift the degeneracy of the cavity modes in the 
vertical and horizontal directions, and secondly to Introduce a slight 
phase and loss anisotropy due to the differential dielectric constants 
of free space and the wire, and the modified geometry of the system.
The centre frequency for oscillation In a polarization perpendicular to 
the wire was modified depending on the depth that the wire was placed 
within the cavity. The centre frequency for oscillation In a 
polarization parallel to the wire remained unaltered. The effect of the 
presence of the wire was to change dramatically the gain anisotropy as 
the maser cavity was tuned across Its resonance. During the setting up 
procedure the cavity mode had only been observed through Its horizontal 
component and consequently the quality factor of this component had been 
uximised, possibly at the expense of the vertical component.
S.9.2 EFFECT OF PLAC1N6 A THIN HORIZONTAL HIRE DEEPLY INTO THE FRINGE 
FIELD OF THE RESONATOR
Consider firstly the effect of placing a horizontal wire In the 
fringe field. Initially the thin wire was placed approximately 1 cm 
inside the cavity. The centre frequency of the cavity resonance of the 
horizontal component of the cavity mode was changed noticeably by 
placing the wire Inside the fringe field. The cavity resonance was now 
retuned to its original frequency and the quality factor of the 
horizontal component of the cavity mode was uximised. On operating the 
maser In conventional and Lissajous figure modes of display the 
following trends were observed.
1) The total oscillation power level observed here was large
with d e ar second peaks of the $e1f>1nduced Rabi oscillations observed 
In zero applied field. The Introduction of the wire Into the fringe 
field of the maser cavity did not significantly degrade the cavity 
Q-value. On application of a magnetic field In a direction normal to 
the plane of the cavity plates a large enhancement of the self Induced 
Rabi oscillation effect was observed (Chapter 2)(F1g. 2.7d).
2) The low frequency beating effect In an applied magnetic field 
discussed earlier In this chapter was absent here, due to the removal of 
the degeneracy between the vertical and horizontal components of the 
cavity mode.
3) In zero applied magnetic field the oscillation observed was 
linearly polarized along the horizontal axis (Fig. S.2Sa), with any 
component of oscillation In the vertical direction being too small to 
monitor above the noise level of the detecting system. On application 
of a magnetic field the plane of polarization rotated slightly and the 
oscillation became slightly elliptical. The ratio of horizontal to 
vertical component oscillation levels was here approximately 10:1. The 
signal to noise ratio of the vertical component was at best only 3:1, 
and so the results were not precise.
4} On adjusting the cavity tuning so that the cavity Q curve 
passed through the oscillation frequency, no position could be found 
which enhanced the vertical component of oscillation. In the absence of 
any applied magnetic field the oscillation remained linearly polarized.
The centre frequency of the vertical Qy component of cavity Q 
will be offset from the oscillation frequency due to the retuning to the 
horizontal component of quality factor undertaken In the setting up 
procedure. The gain In the vertical polarization will therefore be 
heavily reduced. The state selector anisotropy already favours 
oscillation In the horizontal direction, therefore the system as a whole 
has an extremely high gain anisotropy In favour of the horizontal

polarization to giva tha axparlnantal rasuUs shown.
S.9.3 THE EFFECT OF PLACING A THIN HORIZONTAL HIRE NOOERATELY DEEPLY 
INTO THE FRINGE FIELD OF THE MASER CAVITY
The experiment was repeated with the horizontal wire lass deeply 
Immersed Into the fringe field of the cavity. The trends are discussed 
below.
1) In the absence of an applied magnetic field the oscillation 
remained almost completely linearly polarized along the horizontal axis. 
This linear polarization remained constant In direction as the cavity 
mode was tuned across the oscillation frequency. In the conventional 
detection mode strong first and second self-induced Rabi oscillations 
were observed which were used to monitor the strength of the maser 
oscillation.
2) On application of a magnetic field the oscillation became 
elliptical with oscillation settling transients present on some of the 
traces (Fig. S.25b,c). There was no dramatic slowing of the self 
Induced Rabi oscillation decay constant as seen previously. This effect 
appeared only when the oscillation was completely linearly polarized. 
With this system, the anisotropy favours horizontal linear polarization, 
however It Is possible to obtain Initial oscillation build-up In 
directions away from the horizontal axis. This Is again attributed to 
the balancing effect of the applied magnetic field. (Fig. S.26a,b).
3) When the applied magnetic field was Increased further, low 
frequency beats were again observed, similar to those observed earlier. 
The beat envelope was again that of a parallelogram; however the sides 
here were Inclined at an angle of approximately 15 degrees to the 
horizontal, compared with the approximately 45 degrees angle observed In 
the absence of a wire (Fig. S.26c,d and Fig. 5.28a). This suggests the 
two oscillations which combined to give the beat pattern, were both

11nt«r1y polarized oscillations, Inclined at 15 degrees to the 
horizontal axis, each on opposite sides of this axis. The beat pattern 
changes rapidly to an elliptical beat envelope (Fig. 5.26c,d). The 
final "stable” oscillation ellipse was Inclined with Its major axis at 
approximately 10 degrees to the horizontal axis (Fig. 5.28a). In 
several examples (Fig. 5.27a,b), the final oscillation ellipse appears 
to have almost completely rotated back to align Its major axis to the 
horizontal axis.
4) On appllcatloh of pressure to one of the waveguides, which 
applied differential pressure to one of the cavity plates and so 
changing the cavity anisotropy, low frequency beats were observed 1n the 
absence of any applied magnetic field (Fig. 5.27c,d). Similar beats 
have been observed previously (Smart 1974).
5.9.4 THE EFFECT OF PLACING A HORIZONTAL HIRE SLIGHTLY INTO THE FRINGE 
FIELD OF THE RESONATOR
A final experiment was conducted using a horizontal wire, this 
time only slightly Immersed Into the fringe field. Trends are commented 
upon as before.
1) Under an applied magnetic field orthogonal to the plane of 
the cavity plates, low frequency beats were again observed. The beat 
pattern produced Initially was again that of a parallelogram beat 
envelope, with sides Inclined at approximately 20 degrees to the 
horizontal axis. The final oscillation ellipse was produced with its 
major axis In the same direction as one of the sides of the 
parallelogram, this was similar to the situation In the absence of a 
wire.
2) In the absence of an applied magnetic field, the oscillation 
polarization build-up was dependent on the value of the applied EHT to 
the state selectors. At low values of EHT less than 12kV, the


oscillation build-up was conplotoly llnoarly polarized along the 
horizontal axis. For EHT values above 12kV a linearly polarized 
self-induced Rabi oscillation settling transient built up along the 
horizontal axis, then evolved to an ellipse as before.
3) With an applied magnetic field Insufficent to produce low 
frequency blhamonlc oscillation, there was Initial buHd-up of the 
single frequency oscillation In both the vertical and horizontal 
directions (Fig. 5.29a,b). This suggests that the magnetic field has 
the effect of balancing the cavity anisotropy Introduced by the thin 
wire.
4) At a EHT value of approximately 16kV, critical cavity tuning, 
and zero applied field, two possible highly eccentric possible final 
oscillation ellipses were observed, the first observed with U s  major 
axis rotated at approximately 5 degrees clockwise from the horizontal 
axis, the second observed with Its major axis rotated at approximately S 
degrees anticlockwise from the horizontal axis. On examination of two 
successive oscillation pulses the following was observed. On the first 
oscillation pulse the oscillation ellipse built up as a linearly 
polarized oscillation transient along the horizontal axis, and then the 
ellipse major axis rotated clockwise to the first stable highly 
eccentric elliptical orientation (Fig. 5.29c). On the second 
oscillation pulse the oscillation ellipse again built up as a linearly 
polarized oscillation transient along the horizontal axis, and this time 
the oscillation ellipse rotated anticlockwise to second stable eccentric 
elliptical orientation (Fig. 5.29d). This Is similar to the effect 
observed In the absence of a wire.

5.9.5 THE EFFECT OF PUCIN6 A VERTICAL WIRE INTO THE FRINOE FIELD OF THE 
HASER CAVITY
The motivation for repeating the previous experiment with a 
vertical wire placed in the fringe field of the maser originated from 
the work of the previous sections. Placing a horizontal wire In the 
fringe field of the cavity has had the effect of apparently enhancing 
the total anisotropy of the system by Inducing a cavity gain anisotropy 
In favour of the horizontal direction. It was assumed that placing a 
vertical wire In the cavity fringe field would produce a cavity gain 
anisotropy which would then be used to balance the state selector gain 
anisotropy. The objective of this experiment was to produce a system 
where only phase anisotropy, and negligible gain anisotropy, Is present, 
and so study the evolution of the oscillation ellipse under these 
near-isotropic conditions.
5.9.6 NASER OPERATION WITH A THIN VERTICAL HIRE SLIGHTLY IMMERSED IN THE 
RESONATOR
Single frequency oscillation and low frequency biharmonic 
oscillation were both observed here. The major trends In the observed 
traces are discussed and preliminary Interpretations are made.
In many examples oscillation amplitude settling transients are 
observed. Here most of the transients remain almost completely linearly 
polarized until their maximum amplitude has been reached. Such 
transients appear to build-up In all the possible linear polarizations 
(Fig. 5.30). Unlike the settling transient build-up In the absence of 
the wire, the form of the transient build-up was Independent of Its 
Initial direction. Several traces show build-up patterns with no 
obvious transients (Fig. 5.31c). It Is also possible to observe 
transients which build-up and become elliptical at the same time 
(Fig. 5.31d). The most favourable direction for Initial transient


buf1d*up was highly dependent on cavity tuning.
The Intermediate portion and final stable position of the 
oscillation buHd-up are best considered together. In many examples the 
oscillation ellipse simply rotates from its position of initial linear 
build'up to a final elliptical orientation (Fig. S.30b and Fig. S.31a). 
Transient build-up in the vertical direction may rotate either 
clockwise, or anticlockwise, to a final elliptical orientation 
(Fig. S.30a,c). Transient build-up in the near horizontal direction may 
similarly rotate either clockwise or anticlockwise. Transients which 
build-up at intermediate positions tend to rotate towards the horizontal 
axis (Fig. 5.30a,c).
The intermediate portions of the oscillation ellipse evolution 
may be quite complex. There appear to be two stable or near stable 
oscillation polarization orientations, each Inclined with its major axis 
inclined at approximately 30 degrees to the horizontal axis, on on 
either side of this axis. In many examples the oscillation ellipse 
builds up with a linear horizontal transient which then rotated 
clockwise to the first near stable position, the oscillation becoming 
elliptical in the process. The oscillation ellipse then moved from the 
first near stable oscillation ellipse orientation to the second stable 
orientation, with its major axis inclined on the other side of the 
horizontal axis (Fig. 5.32a,b). In the intermediate positions the 
oscillation ellipse appeared to be e111ptica1ly polarized with its major 
axis lying d o se to the horizontal axis (Fig. 5.32c,d). It is 
interesting to note that the evolution of the oscillation ellipse varies 
on successive gas pulses, yet for quite a variety of oscillation ellipse 
evolutions the general description given above is followed. Several 
traces show elliptical oscillation build-up with orientation close to 
that of the near stable oscillation ellipse positions, with no observed 
linear transients (Fig. 5.33a,b). The major axis of the elliptical
oscillation buHd-up then rotates, passing through the horizontal axis, 
to finally settle down to elliptical oscillation at the stable position. 
Several examples of the above effects are shown, In (Fig. 5.33d) the 
order In which the oscillation ellipse pass through the two stable or 
near stable positions reverses. It Is possible to observe traces which 
show Intermediate behaviour between Fig. 5.33b and Fig. 5.32c,d. Two 
examples are shown, Fig. 5.34a,b. A few traces show almost circularly 
synnetrlc oscillation build-up and evolution, an example 1$ shown in 
Fig. 5.34d. A few traces again show unexplained behaviour, an example 
Is Fig. 5.34c where the oscillation ellipse is observed passing from 
elliptical to a linear polarization.
With initial transient build-up in any direction, the final 
oscillation ellipse is e1l1pt1ca11y polarized with its major axis 
Inclined at angles up to 30 degrees from the horizontal axis. This
e-'ia.i.t
posed an interesting (|unt Irm, the orientation of the final oscillation 
ellipse suggests that the anisotropy In these examples favours 
oscillation in the horizontal direction, whereas the strong linear 
transient build-up observed over a large number of orientations suggests 
that the gain anisotropies of the system are almost completely balanced. 
There Is an apparent contradiction here.
In order to resolve the above problem, the equations governing 
oscillation amplitude settling transients should be reexamined. A very 
simple model Is to consider the transient buHd-up In the horizontal and 
vertical polarizations as Independent, and to apply the equations used 
for oscillation transients In a closed cavity to each. It was assumed 
that the effect of the vertical wire placed In the fringe field was to 
move the cavity resonator mode centre frequency for the vertical and 
horizontal components to different frequencies. It was also assumed 
that the cavity resonator was tuned such that the vertical component of 
the cavity mode Is on tune with the oscillation. The horizontal
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coniionent of the mode must therefore be off tune with respect to the 
oscillation frequency. The equations governing the build-up of 
transient oscillation in a detuned resonator are given (Oraevskii 1964). 
On solving these equations it was observed (Fig 5.34A) that the effect 
of a detuned resonator mode was to dramatically slow the build-up and 
period of the transients. This effect Is of importance in deciding the 
direction of the initial transient build-up.
It is proposed here that the total anisotropy of the system 
still favours oscillation in the horizontal direction, due to the large 
state selector anisotropy present. The wire-induced cavity anisotropy 
favours oscillation in the vertical direction, although this Is still 
Insufficent to balance the state selector anisotropy. The oscillation 
frequency matches the centre frequency of the vertical component of the 
cavity mode, with the horizontal component of the cavity mode detuned. 
The favourable anisotropy which should give an advantage to the initial 
transient build-up in the horizontal direction, 1$ offset by the slow 
nature of the build-up in this direction, due to this component of the 
cavity mode being off tune. This is sufficient to give equal priority 
to oscillation transient build-up in any linear polarization. The 
initial direction of linear transient build-up is then possibly 
dependent on the thermal noise within the cavity, which leads to a rich 
variety of directions of initial linear build-up. The initial direction 
of linear transient build-up Is also dependent on the cavity tuning, 
which changes the cavity anisotropy, and amount of slowing of transient 
build-up, and so changes the most favourable direction initial 
oscillation transient build-up.
The effect of the oscillation ellipse passing from one stable 
orientation to another, was far easier to observe then with previous use 
of the maser. This was attributed to the reduced total gain anisotropy 
of the maser system.
FIGURE 5.34A
T i ne
Low frequency bihermonlc o$c111et1on under an applied magnetic 
field was studied in the presence of a vertical wire {Fig. 5.35 and 
Fig. 5.36). The following trends were noted and discussed.
In many examples the observed beat envelope was almost square 
shaped and the bottom side of the square was rotated at an angle of 30 
degrees anticlockwise from the horizontal (Fig. 5.35a,b). The beat 
envelope changed from being nearly square to being nearly circular as 
the beat envelope evolved (Fig 5.35a,b). In some cases the beat 
envelope became rectangular or parallelagram shaped. Only in a few 
cases was a final oscillation ellipse observed, after one oscillation 
had decayed, and In these cases the ellipse was nearly circular, 
although it was difficult to observe. In these examples the initial 
oscillation build-up was linearly polarized, this took place in a 
variety of different directions (Fig. 5.35a,b,c,d), although there was a 
bias towards linear horizontal build-up. The linear build-up had 
reached its maximum amplitude before it began to rotate. The beat 
frequency then remained constant as the oscillation pulse developed. 
These build-ups were similar to those observed before and may be 
interpreted as follows. One or two linearly polarized oscillations 
build-up in the same direction, this being the direction observed on the 
traces. These two oscillations, (the second oscillation having 
developed) which are of similar amplitude, then rotate, one becomes 
parallel with each of the two sides of the square, these then beat 
together to produce a square beat pattern. Both oscillations then 
become elliptical and one oscillation dies away as the beat envelope 
changes from square to circular and the final remaining oscillation 
eventually becomes circular.
In several examples the Initial oscillation builds up linearly 
and a nearer circular beat envelope is produced. This then decays to a 
near circular oscillation ellipse (Fig. 5.35a,b).
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S.9.7 NASER OPERATION WITH A THIN VERTICAL HIRE INNERSED SLIGHTLY DEEPER 
INTO THE FRINGE FIELD OF THE RESONATOR
The experiment was repeated with the thin wire placed further 
Inside the fringe field of the maser. The trends observed are again 
noted and discussed. Examples are shown In Fig. 5.37 to Fig. 5.42.
Oscillation amplitude settling transients are observed on most 
of the traces. The transients are however almost exclusively observed 
In the vertical direction. Only 1n rare exceptions do linear transient 
build-ups occur In other directions, and there was no observed transient 
buHd-up In the horizontal direction. On some of the traces the 
oscillation transient builds up linearly to Its fu11 amplitude before 
becoming elliptical (Fig. 5.37a), whereas some traces become elliptical 
as the oscillation transient builds up (Fig. 5.37b). The governing 
factor for when the transient build-up becomes elliptical, depends on 
the Initial direction of thermal noise or other fluctuations. The 
following Intermediate region appears to be connected with the form of 
the Initial transient build-up.
On some of the simpler examples, the Intermediate region Is 
simply the rotation of the oscillation transient, either clockwise or 
anticlockwise, which then becomes elliptical as It rotates to a stable 
oscillation ellipse position (Fig. 5.38a,b). However with many examples 
the Intermediate regime Is extremely complicated, a series of such 
traces are shown (Fig. 5.38c to Fig. 5.40). On most of these traces 
there appears to be a stable oscillation ellipse with Its major axis 
rotated approximately 10 degrees anticlockwise from the horizontal. On 
most of these traces the oscillation ellipse appears to pass through 
several Intermediate near-stable ellipses, on Its evolution to Its final 
stable position. One of these Intermediate positions lies with the Its 
major axis rotated at an angle of approximately 35 degrees clockwise 
from the horizontal, another has Its major axis Inclined vertically.

0«


Under the opereting conditions which give the most verled Intermedíete 
oscillation evolutions, the Initial oscillation bu11d*up Is highly 
varied, where«as under other operating conditions the oscillation 
transients always build up In the vertical direction. A few traces show 
complicated unexplained Intermediate bu11d>up patterns, two examples are 
shown In Fig. S.40c,d.
The final oscillation orientation position observed on most of 
the traces, show a variety of elliptical or circular orientations, with 
the major axis of the oscillation ellipse Inclined at angles up to 60 
degrees from the horizontal axis (Fig. 5.41a,b). This suggests that the 
gain anisotropy In the vertical and horizontal components of oscillation 
are nearly completely balanced. The detuning of the horizontal 
component of the cavity mode and the resultant slowing of transient 
build-up In that direction has resulted In transient build-up being 
highly favoured In the vertical direction. It would be tempting to 
conclude that the extremely complicated Intermediate ellipse evolution 
patterns correspond to the condition where the cavity gain anisotropies 
are complete balanced. However the final oscillation ellipse on these 
traces has Its major axis Inclined near to the horizontal axis. It Is 
proposed here that the condition to obtain these complicated 
Intermediate ellipre evolutions depends on both closely balancing the 
gain anisotropies and also on balancing the rate at which the transient 
processes take place, through the relative tuning of the two cavity mode 
components.
yith careful cavity tuning it Is possible for the oscillation 
ellipse to become strongly near linearly polarized along the vertical 
axis (Fig. 5.42a). A few traces show nearly circularly symmetric 
build-up processes, an example Is shown In Fig. 5.42b.
Under an applied magnetic field, low frequency biharmonic 
oscillation was again observed. Here the beat envelope produced was


nearly circular. As the opposite ellipse bulU up, It enlarged Its 
amplitude while rotating. As one oscillation died away a circular final 
oscillation ellipse was observed (Fig. 5.42c,d). The striking feature 
here Is the highly circular nature of the beat envelope which was 
obtained at avery low beat frequency and hence very low applied magnetic 
field. This Is attributed to the near>1sotrop1c system, giving two near 
circular oscillation ellipses under the applied magnetic field which 
then beat together.
5.10 GENERAL CONNENTS ON RESULTS
In the preceding sectlons^detalled description has been given on 
the oscillation build-up processes on the J*K-2 transition of The
experiments have been repeated on the J-K-3 transition of and 
preliminary results show similar trends. Linearly polarized horizontal 
oscillation amplitude settling transients have been observed In zero 
applied field, and under an applied magnetic field low frequency beats 
were observed. This suggests that the buHd-up patterns are more 
dependent on the conditions present In the maser cavity, rather than the 
spectral line on which the oscillation takes place.
Qualitative explanations have been made In terns of relatively 
simple Ideas. Examine further the Idea of considering the cavity mode 
In terms of a component In the horizontal direction and a component 
Qy In the vertical direction. The problem here Is that the cavity Is 
circularly symmetric with the exception of two cavity ports, so It would 
appear that the choice of directions for splitting the cavity Into 
and Qy components would appear completely arbitrary, however the 
direction of the strong state selector anisotropy which nay be 
considered along with the cavity anisotropy (Yassin 1961} may define the 
direction of one of the components. Considering the cavity Q In terms
(O’Ytkonov 1966).
The Dost striking the«e throughout this chapter has been that of 
the^reproducibility of the results. Under aany operating conditions 
successive oscillation pulses give buHd-up patterns which are very 
different V  each other. Many exanples have been discussed in this 
chapter. Possible explanations are discussed below.
The leaser paraneters nay be changing with tine. It has already 
been proposed that vibrations of the cavity plates, induced from the 
notion of the backing punps, nay change the cavity anisotropy In the 
tine between each gas pulse. However, as explained In the text this 
does not give an adequate explanation of the Rabi oscillation transient 
fluctuations. The gas pulse profile nay change on successive gas 
pulses, due to perhaps nechanical Imperfections In the valves. There Is 
also a very slight residual thermal drift on the cavity tuning, however, 
before any of these experiments were performed the maser had been left 
with charged liquid nitrogen traps for several hours, the cavity taking 
at the tine of the experiment approximately 1-2 hours to drift to a 
position where oscillation 1$ extinguished. This slow drift would not 
appear to have an appreciable effect over a time period of one second.
A second possible explanation Is that the oscillation build-up 
Is chaotic In nature. A closed cavity maser system can theoretically 
give chaotic operation. Such a system has far fewer degrees of freedom 
for Its operation than the system under consideration here. A closed 
maser system operated under an applied magnetic field, with the maser on 
tune, may be described In terms of four variables {Oraevskll 1981). For 
the open resonator system each of these variables may be considered In 
two orthogonal (not necessary linear) polarizations. These being the 
microwave electric field, (producing the amplitudes of the components of 
the oscillation ellipse), the real and Imaginary parts of the 
macroscopic polarization, and the number of state selected molecules
entering the cevlty resonator. At the relatively 1om laaser oscillation 
overfulfllnent factors observed here, the Imaginary part of the 
macroscopic polarization will remain proportional to the microwave 
electric field. This may reduce the number of variables to six.
However with the cavity resonator off*tune the system becomes far more 
complicated, with phase dependent parameters required. A variable 
dependent on relative phase would be required to describe the 
eccentricity of the oscillation ellipse. At Its very simplest the maser 
oscillation build-up may be described as the build-up of a three 
dimensional object (describing the oscillation ellipse parameter) In a 
minimum of a seven dimensional phase space.
Consider the path of two trajectories through a phase space. A 
chaotic system Is one where regions exist In this phase space where two 
Infinitely close trajectories through the space take highly divergent 
paths, so that In a relatively short time, the two trajectories have 
separated to different regions of the phase space. In such a physical 
system a slight perturbation of the Initial conditions may lead to a 
completely different evolution. It Is proposed here that such a chaotic 
regime exists In the phase space describing the present maser system, 
and that this Is around the region where the microwave electric field Is 
zero. The thermal noise In the system acts both as the perturbation 
from which the oscillation develops, and secondly as the perturbation 
which places successive oscillation build-up trajectories onto slightly 
different positions In the chaotic region of the phase space. This 
results In the rich variety of build-up patterns observed In this 
chapter. The existence of two stable elliptical orientations further 
complicates the process; there are probably more chaotic regions In the 
phase space, for example at the position where the trajectories divide 
for the oscillation ellipse to move to one of two stable orientations.
CHAPTER SIX
SUGGESTIONS FOR FUTURE WORK
6.1 INTRODUCTION
In this chapter the possible extentions of the work undertaken, 
both theoretical and experimental, are discussed. Continuations of the 
work of Chapters 2, 3, 4, and S are considered here.
6.2 POSSIBLE CONTINUATIONS OF THE EXPERIHENTAL WORK 
6.2.1 LISSAJOUS FIGURE WORK WITH THE EXISTING SYSTEM
Consider the Lissajous figure work of Chapter 5. Detailed 
spiral build-up patterns may be obtained for oscillation on the J*K«1, 
j.K-3, J«K»4 and J-K-6 transitions of ^*NHj. The for* of the spiral 
build-up on the J«K>1 transition is interesting because linear 
oscillation polarization only, has been reported for this transition, in 
contrast to the results obtained on the J*K«2 transition. Here the 
state selector anisotropy should also be at its greatest.
An advantage would be gained by redesigning the present filter 
circuits, moving their centre frequency from 45kHz to either lOOkKz or 
200kHz, and Increasing their bandwidth. It should then be possible to 
design filters with a quicker rise time capable of observing faster 
dynamic effects. The high frequency beating effects due to maser 
oscillation on the second order mode and transient buHd-up
under very strong oscillation conditions may then be examined. The 
relatively high frequency of the final downconverted signal would give a 
large number of spiral orbits per unit time on the CRO trace, sufficient 
for "mapping" these fast effects. Any congestion of spirals on the CRO 
trace may be compensated by using a shorter oscillation "bright up" 
pulse.
6.2.2 POSSIBLE MODIFICATIONS TO THE PRESENT SYSTEM
Several ■edifications would be required to Increase the strength 
of the maser oscillation.
The maser cavity nay be redesigned. The copper resonator discs 
should be reground In order to Improve their surface flatness and hence 
the quality factor of the resonator. The mechanical cavity tuning 
mechanism should be replaced or supplemented by tuning using lengths of 
p1ezo*e1ectr1c material, whose size changes on application of an 
electric field across their volume. Three pieces of piezo-electric 
material would be used, one In each position that Is now occupied by the 
present glass rods. This will enable fine positioning of the cavity 
plates to be undertaken, during the operation of the maser, and so the 
value of the cavity quality factor may be maximised at all times. By 
applying a relatively large electric field to one of these 
piezo-electrics, the orientation of the cavity plates and hence the gain 
anisotropies of the cavity system may be adjusted In a controlled way, 
during the course of the experiment. A fourth piezo-electric unit may 
be used to complement the present mechanical gear tuning system, so that 
the cavity resonance may be smoothly tuned across the maser oscillation 
transition frequency. The electric fields required for operating the 
piezo-electric ceramics must be designed not to Interfere with the 
fringe field of the maser cavity and so weaken the oscillation by 
Inhomogeneous broadening of the spectral line.
Two new sets of ladder state selectors may be designed and 
constructed out of stainless steel. The length of the state selectors, 
the spacing between the metal rods, and the distance between the two 
rows.of rods may all be Increased. This will Increase the angle of 
capture of the state selectors, and allow for a greater proportion of 
the molecular beam to be state selected, and so overcome the saturation 
effects discussed In Chapter 4. The greater separation of the state
selector rods should reduce the ettenuatlon of the molecular beam by 
scattering, and enable the state selectors to operate at a higher 
potential before electrical breakdown occurs.
The two skinner slits may be redesigned, based on the use of 
very sharp stainless steel skimer edges. The Increased entrance width 
of the state selectors should allow for the skimmer silts to be placed 
further apart and so reduce further the "skimmer Interference" (Deckers 
and Fenn 1963) of the pulsed molecular beam further by placing the silts 
In a less Intense portion of the molecular beam.
6.2.3 POSSIBLE EXPERIHEKTAL WORK WITH THE MODIFIED SYSTEM
The static Ussajous figures obtained previously (Yassin and 
Lalne 1981) may be re-examined with the filter circuits included In the 
experiment. The variation of the oscillation ellipse parameters may 
then be carefully mapped out as a function of the operating parameters. 
The static Lissajous figures may be studied on the J-K«l, J-K>2, J-K-3, 
transitions of ^ S h ^ and possibly the J*K>4, and J«K«6 transitions also.
It may be possible to study the mechanism of the polarization 
flips observed with continuous wave operation. In the process of a 
polarization flip the oscillation changes from one elliptical 
polarization orientation to another, there Is a change In amplitude, 
orientation, and eccentricity of the oscillation ellipse (Lalne and 
Yassin 1981). It 1$ unlikely however, that these changes will be faster 
than the fastest dynamic processes which may be observed using the 
Lissajous spiral method. The oscillation power output from the maser 
may be "sampled" by triggering the z modulation of the CRO (Chapter 5). 
Here, for example a 1ms "pulse* "bright-up* applied to the CRO would 
make It possible to observe any changes In the static ellipse which took 
place during this time. A controlled method Is needed to Induce 
polarization flips In the maser system. Tuning the cavity resonance
across th« naser oscillation frequency will cause the oscillation 
polarization to flip during the course of the tuning (Lalne and Yassin 
1961). If this could be repeated, frequent polarization flips may be 
Induced. The simplest way to achieve this Is to place a repeating 
triangular waveform across the proposed tuning piezo-electric of the 
maser cavity. The cavity tuning Is effected during the period of the 
triangular wave, so that the centre frequency of the cavity mode moves 
right across the oscillation frequency, and then back again across the 
oscillation frequency In the opposite direction, during one cycle of the 
applied waveform. This should Induce two polarization flips during each 
cycle of the triangular wave. A frequency should be chosen for the 
triangular wave so that the movement of the plates is too slow to change 
the oscillation level rapidly (due to detuning) and so induce any 
dynamic effects (other than polarization flips), and slow enough for the 
piezo-electric to respond to the applied voltage, but fast enough to 
obtain a good repetition rate, so that the time during which a flip may 
be induced may be reduced to a minimum. A suggestion Is 7 Hz. The same 
triangular wave Is used to trigger the brighten-up pulse to the CRO, 
with a variable delay built into the electronics. The brighten-up pulse 
will only last for a few milliseconds. Using a z-modulatlon pulse of, 
for example 1ms, the delay electronics should enable the brighten-up 
pulse to be triggered at any point on this waveform. The brighten-up 
pulse should then be triggered at a point where there Is high 
probability of a polarization flip occuring. By taking a large number 
of exposures of successive light pulses at 0.12Ss exposure, a trace 
should eventually be obtained showing both static oscillation ellipses 
with a series of Lissajous spirals Inbetween. This trace should show 
the movement of the polarization ellipse from one polarization 
orientation to another, during the course of Its flip.
The possibility with this modified system of gaining oscillation
on other spectre! lines of is realistic. The two spectral lines 
which have a high probability of giving pulsed us er oscillation are the 
J-K-S and JM, K O  transitions at 24.533 GHz and 22.688 GHz 
respectively. An inproved syste« aay allow for pulsed oscillation on 
one or more of the hyperfine satellite lines of the J-K-1 transition, 
and also allow for their Lissajous spiral build-up patterns to be 
monitored. It would then be possible to compare the build-up patterns 
on two different components of the same transition, under otherwise 
similar operating conditions.
With suitable filters, and very strong oscillation, the fort of 
the oscillation ellipse may be traced out, not only through the first, 
but through the second and third self-induced Rabi oscillation 
transients as well. Under an applied electric field, the form of the 
oscillation ellipse may be determined through the chain of slowly 
decaying transients observed under such operating conditions 
(Chapter 2).
Experiments may be performed to determine the dependence of the 
variation of the oscillation buHd-up on successive oscillation pulses, 
on fluctuations of the maser parameters (Chapter 5). The system nay be 
operated with the backing pumps switched off for several minutes in 
order to minimise the effect of pump vibrations reaching the maser 
cavity. Here the volume of the vacuum chamber between the backing and 
the diffusion pumps may have to be increased to sustain the pumping 
speed of the diffusion pumps for a sufficiently long period. Vibrations 
may be Induced into the cavity plates, by applying an alternating 
voltage to the one of the piezo-electric of the cavity tuning system. 
This would give a cavity disc tilt in a known direction. Applying two 
alternating voltages in antiphase to the other two piezo-electrics would 
produce a disc tilt in a perpendicular direction.
Transient build-up in a maser system employing a closed cavity
resonator remains fu11y reproducible on successive oscillation pulses 
(Lefrere 1974). These experiments may be repeated using a pulsed 
molecular beam to Induce the transients. Any variation In the 
oscillation build-up on successive gas pulses may then be attributed to 
possible fluctuations In the gas pulses. Lissajous spiral build-up 
patterns may be studied also while Injecting a microwave signal Into the 
maser cavity. Both the coupling ports to the maser cavity are employed 
In the detection scheme. It may therefore be required to add a third 
coupling port to the maser cavity. The fluctuations In the oscillation 
build-up may then be examined when the oscillation build-up originates 
from a controlled microwave signal rather than from thermal noise. The 
Implementation of the above proposals should give an Insight Into 
possible causes of the varied oscillation ellipse build-up patterns on 
successive gas pulses.
The work on oscillation amplitude settling transients may be 
extended. The above modified system operated with an inhomogeneously 
Slark-broadened spectral line or Zeeman split spectral line (Chapter 2), 
may give continuous modulation of the oscillation power output and even 
chaotic operation, when operated under a pulsed regime with very strong 
pulsed oscillation. A thin wire placed horizontally across the fringe 
field, approximately 2cm Inside the cavity at greatest depth, will give 
strongly linearly polarized oscillation (Chapter 5). This may give 
continuous modulation of the output power, leading to period doubling 
and chaotic operation.
6.2.4 CONSTRUCTION OF POSSIBLE NEW MASER SYSTEMS
The possibility of constructing a new maser system In order to 
obtain very high maser oscillation overfulfilment conditions Is now 
considered. Two possible machines are considered. A large double 
pulsed beam maser operating with a closed resonator may be constructed
In order to obtain sufficient maser oscillation overfulfilment condition 
to reach the chaotic regime of operation. Such a machine may have three 
very Ur ge diffusion pumps (30ca diameter or greater), to give fast 
pumping and low dynamic vacuum between gas pulses, and U r ge area cold 
traps. The maser may have very U r g e  volume vacuum chambers, so that 
there Is only a slow rise In the background pressure as the pulsed 
valves are opened. The system would have two Ur ge diameter circular 
skimmers, and two long, relatively U r g e  diameter ring-type state 
selectors, held at as high a potential as possible. Improving on the 
best designed closed cavity maser system of Haroof st Keele, It should 
be possible to build a maser system where each beam gives an 
overfulfilment condition well In excess of 30 times for each beam when 
operated continuously. On pulsing both the m o U c u U r  beams, the maximum 
overfulfilment factor should be well In excess of that required to 
produce chaotic operation on a Zeeman split spectra! line. The onset of 
period doubling may also be studied In detail with this machine.
The alternative Is to build a Urge multibeam maser with a 
horizontally placed resonator, In an extremely Urge vacuum chamber, 
pumped by large diffusion pumps. The use of approximately 20 pulsed 
molecular beams, each with Its own state selector, skimmer, and vacuum 
chamber, would give a device of extreme versatility. An overfulfilment 
factor of at least 5 times may be obtainable during pulsed operation 
using only one beam. With 20 such beams an overfulfilment factor which 
Is well In excess of that needed for chaotic operation on a Zeeman split 
spectral line. Simply placing an electric field across the cavity 
plates may Induce chaotic operation, or placing a thin wire In the maser 
fringe field and applying a magnetic field as before should give chaotic 
operation on pulsing the maser. Such a system will display very little 
state selector anisotropy, due to the axially symmetric positioning of 
the state selectors. By changing the number of molecular beams in
operation, the state selection anisotropies may be changed. Such a 
system would give an excellent Illustration of the Lissajous spirals 
oscillation ellipse build-up patterns under very large overfulfilment 
conditions. The number of possible transitions on which oscillation may 
be obtained of would be extremely large, including several 
hyperfine satellites of the J-K-1 transition. Maser oscillation on 
maser transitions of other molecules may be undertaken, for example the 
J-2 J«1 transition of OCS, and so Investigate how the Lissajous spiral 
build-up patterns change for a different type of molecule.
6.3 POSSIBLE EHENSIONS TO THE THEORHICAL WORK
The equations which govern the dynamic properties of a closed 
cavity maser system (Oraevskli 1967) may be extended to consider the 
cases where the two components of the spectral line are no longer placed 
symmetrically with respect to the centre frequency of the cavity 
resonator. The model may be extended to consider the cases where there 
are more than two components of the spectral line each of different 
Intensity. This would help Interpret the onset of chaos with 
oscillation on an inhomogeneously broadened spectral line, and help to 
study the effect of cavity detuning on both the onset of chaos and 
continuous oscillation modulation. This would help further to Interpret 
the results of Haroof (1975).
A theory Is required to explain the build-up of the oscillation 
polarization ellipse as described In Chapter 5. There appears to be two 
possible approaches. Firstly the dynamic equations for oscillation 
build-up In a closed cavity maser may be adapted for use In the case of 
an open resonator. This has been discussed In Chapter 5. Here each of 
the maser parameters described In the dynamic equations must be 
described In two orthogonal coordinates. In a disc resonator, the 
oscillation frequency does not correspond always to the centre frequency
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